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SUMMARY 


This study was concerned with three main areas: 1) identification of representative 
receiver-fluid combinations for propulsion vehicle tankage, 2 ) on-orbit refill 
analysis of each of three candidate receivers selected for further evaluation, and 
3 ) modelling analysis to determine experimental conditions necessary for verifying 
the filling characteristics of each receiver vehicle configuration. 

Initially, an evaluation was made of candidate propulsion vehicle system tankage 
for on-orbit resupply. Various NASA,Convair, and industry studies were reviewed 
to identify alternative concepts for orbital transfer vehicles (OTV), space platforms/ 
space stations, and spacecrafts. STAR and International Aerospace Abstracts were 
consulted to insure adequate coverage of representative concepts. All document 
sources consulted in this review are referenced in Appendix A. After reviewing 
applicable documentation, vehicles were listed and categorized (Appendix A). 

Following the literature review and vehicle documentation process, one vehicle was 
selected, in accordance with the statement of work, from each of the following 
categories: an earth-storable vehicle with partial screen acquisition device, a 
cryogenic vehicle with partial screen-acquisition device, and a cryogenic vehicle 
without a screen device. The selected vehicle configurations, given in Figure 2-1, 
were: 

• Earth Storable Vehicle - A low thrust (LTL) concept that employs MMH and 
N 2 O 4 propellants. This vehicle is representative of a configuration that 
can be constructed from existing hardware. 

• Cryogenic Vehicle Without Acquisition Device - The Personnel Orbital 
Transfer Vehicle (POTV) consists of two cryogenic stage for delivering 
payloads (20,000 kg) to geostationary orbit (GEO) and back to low-earth-orbit 
(LEO). This vehicle uses LH 2 and LO 2 propellants and will be available 

in the near term (1980's). 

• Cryogenic Vehicle With Partial Acquisition Device - The Cargo Orbital 
Transfer Vehicle (CO'T'V) is capable of delivering 250,000 kg to GEO and 
and returning to LEO. This vehicle is contemplated for the 1990' s and 
beyond in the era of space-basing. Again, main tank propellants are 
LH 2 and LO 2 . 
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Liquid hydrogen consumed for the tank prechill process will have an 
iiisigiuficaiit influence upon overall efficiency and cost of transporting 
propellants into space for POTV refueling. As a result, propellant 
transfer efficiency should not be an important consideration in the 
prechill process selection. 

It is concluded that the prechill process described and analyzed in Section 3. 3. 2. 5 
will satisfy th(' requirements of simplicity, reliability and safety. 

At the completion of prechill, the tank is locked up and liquid introduced through one 
or more spray nozzles to accomplish tank fill. A fill condition of 90 percent or 
greater will be achieved without the need for ventir;’ if near-thermal equilibrium 
conditions are present. It was determined that sufficient bulk fluid agitation will be 
created by the entering liquid to provide near-thermal equilibrium during fill. 

Together, tank prcchill and bulk fluid agitation should provide a no-vent fill or 
refill. 

Propellant transfer timelines were developed for a POTV refueled by an 
orbiter-tanker. Tables 3-13 and 3-15 show that this transfer operation can be 
performed in three hours by over-lapping LH,^ and LO^ transfer. 

The primary requirements for LTL refueling operations are: 

1. Minimize propellant tank venting in the vicinity of the orbiter because 
N 2 O 4 and MMH are corrosive, liquid venting must be avoided. 

2. Prevent helium entry to the screen galleries because vapor-free liquid 
flow from each propellant tank must be assured. 

Refueling will include the imtial vent and tank fill processes, but not prechill, 
because tank and propellant temperatures will be approximately the same. 

Propellant tank fill pressures will remain below the vent pressure levels if the 
initial vent (or blowdown) process reduces tank pressure to approximately one to 
two atmospheres. 

A procedure was identified that would satisfy the above requiremaits during initial 
vent. Basically the approach is to rely upon procedures and added propellant 
plumbing to transfer propellant between tanks. In this way a tank may be drained 
of excess propellant prior to the initial vent process that expels helium. 

The single potential concern of the selected refueling procedure is that propellant 

contained within the screen devices might boil during taidc vent. Boiling 

will be avoided if sufficient liquid residual is maintained in contact with the screen 

to replenish liquid lost through evaporation. Orbital ex)x;riments were not recommended 

because such tests would be configuration sensitive and have limited applicability. 
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INTIiODUCTION 


The United States is on the threshold of a space industrialized era. Some of the am- 
bitious space programs conceived by the NASA and industry include the construction of 
arge antenna structures, solar powered satellites, and propellant depots. A common 
in's^Icl''^ programs is the requirement of effectively transferring propellants 

This area of orbital propellant transfer, or propellant management, has long been 
identified as a technology area by the NASA-LeRC and Convair. A previous study, 
"Orbital Refill of Fluid Management Systems", Reference 1-1, dealt with the 
problems of refilling small cryogenic and earth-storable systems. Convair has 
performed independent studies in the area for several years. Reference 1-2 and 1-3. 
Experience gained in the previous studies has senred as a starting point for this 
study on orbital refuelling of vehicle tankage. 

rae objectives of this sttidy were to 1) develop leelmlques for such necessary orbital 
P opcllant transfei and, 2) to identity experimental programs to verity these techniques. 

1.1 SCOPE 


lo^Iitv ^^In^ne^r propellant transfei 

capability. In near-term, space programs such as the manned-geosynchronous-sortie 

and very high energy prices to other planets will reigiire the transfer of propellant 

that iKrtormanee and llfc of operational spitceerafl can be Inereased by resupplying 
attitode control propellants, fuel cell reactants, sensor coolants, or chemical laser 
fluids Be,vond the year 2000, large space Industrlallralloii programs may require 
propellMt quantities that are several orders of magnitude greater than for the ncni^ 
mrm. The most ambitious program now being considered is the Solar Power .Satellite 
Pr^ram requiring Heavy Lift Launch Vehicle (IILLV), space eonstiaietion bases, and 
both electric and chemical Orbital I'ransfer Vehicle (OTV). 

Although there are many potential orbital refuelling applications, the scope of this 
study was limited to analysis of and experimental modeling techniques for propellant 
transfer between supply tanks and receiver OTVs. The three OTV configurations select- 

ed for orbital refill analysis were identified using the selection pr<x>edure described 
in Section 2. 
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1.2 GROUNDRULKS 


C^aidohnes were established for selecting three vehicle configurations representative 
of mose con.ejnplated for various types of future space progr^uns. It waL recuin-d 
that c>ne vehicle would be selecU>d from each of the following categories: a.i earth 
h 01 able vehicle with partial-screen acquisition device; a cryogenic vehicle with a partial- 
screen acquisition device; and a cryogenic vehicle without a scremi-device Repre- 
scntative^vehicle selections were to be made following a liter;ituro review of previously 

pCaml "" 


1. 2. 1 KAItTH STOUABLI-: VEHICLK. An .idditional rct|Uilvmcnt was Iniposccl upon (his 
selocon prcK(0SB; ,ha, of idemirvlns hacdwacc ouhor from oxiaiins progrLs o, 
from provious study efforts. Bocauso the data ta.se for earth sto.able vehicles and 
missions was considerably smaller than for cryogenic ('TVs, no attempt was made 
to optimize the vehicle configuration. Rather, the intent was to select a configuration 
which would bo representative of its vehicle class. 

1. 2. 2 CRY()GKNIC VKinCLi:. Of the two cryogenic vehicle classes selected, one was 
assumed to be available i.i the near-term (IDSO's) and the other was selected for appli- 
cation in the late l‘)90's and beyond. The vehicle for neai-term application was assum- 

vch cl 7 k with its early development period. Consequently, this 

vehicle will not have a screen acquisiti.*n device tior any subsystem requiring con- 

sut-v^ ' ‘^‘‘^h.mlogy. The more advanced OTV will be comprised of more sophisticated 
bsystems. such as a partial screen acquisition ;uid an advanced engltu< system requir- 
ing no pre-pressurization. ■ ' 

Different methfxis .if propellant supply will als.. be available to each OTV Sivice oro- 
Er.-uu3 f„f the 1980's will tviy upou „,.,p..||tuu tu.supply from at, .ubllur lautaf Prl 

grams cutumplatcd fur the 1990'.s and buynnd worn a,ssum.-d to havo orbital p,opa.|lanl 
depots available for ('TV resupply. 

1. 2. 3 KXPK'RIMknt MODKUNG. Kxperimental m.Klellng techniques ..f receive i- fink- 
tausu, .ply wore, dtwelopcd during thr .study. Thrso U.chulquv.s worn ..mployo.l to dotorntlno 
• ^ Mmulant fluids and scale model testing. B..th gr.iund based facilities 

inclu^ng ilrop towers, and the Spacelab on-board the shuttle were assumed t.. be avail-’ 
rtble for conducting the e.xperimenLs. Scale nuxlel size was limited to the largest 
oxTeriment test package that culd be installed within a Spacelab double rack enclosure. 
This lestrict, on confined analysis to that of a relatively small scale test tanl-; (approxi- 
mately one- tenth scale or less). ' 



IDKNTinCAnON OF CANDIDATK HKCOVKHS 


IV- puipow task I was to soloct thioo pt.tonlial vohicio c.iicopls tor subscquoal 
orbital-r..ftK ll„i! analysis. Those concepts wore to be representative of tho.se vehicles 
expeettai to lx. desiKnetl h.r the 1980's tutd 1090's; that is. representative in lerm.s of 
etiutvalent subsystems, orbital st.aylimes, thermtll re<|ulrements. Irsistles and refui- 

bisrmient requirements. 


selected, in accord.ance with the 
Statement of work, from each of the following categories: 

1. An eaith-storable veliicle with j>artial acquisition device 

2. A cryogenic vehicle with partial acquisition device 

3. A cryogenic vehicle without an acquisition device. 

1 he three vehicle concepts selected are showm in Figure 2- 1. 

Convair-s approach for reviewing these concci)Uial designs and for determining 
representative configurations to be further analyzed in Task II. is shown in Figure 

“n“* I was accomplished. In order for it to be complete 

all iiotantial propulsive vehicle receiver tanks were included to show the wide variety 

fn TT k" of receiver tanks identified 

include the following: kkunueu 

Orbital Transfer VVhicles 


iMini-inaneuvering (e.g., teleoperator) 
High and low thrust chemical 
Nuclear :uul solar electric (OMS, UCS) 

Orbital Maintanance ;uul RCS Tank:ige 


Sliace station 
Propel hint depots 
Lai-ge space structures 

Automated satellites (include cooling proptdhuit) 


After reviewing applicable d(x>umentation. these vehicles were listad :uul catagori/i>d 
accorchi* tu nulds uuod. (low r-atou, ta.* guomutri- and prusuuro, avc..U.v;„i,u,- 
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POTV 



PROPELLANT CAPACITY, KGM (LBM) 

LO 2 = 44,407 (97,900) EA. 

LH 2 = 8,250 (18,200) EA. 

COTV 



LO 2 = 198,817 (438,038) EA. 
LHg = 37,055 (81, (>92) EA. 


LTL 



N204 = 3,524 (7,708) 

MMH ^ 2, 129 (4,093) 

Figure 2-1. Three Vehicle Configurations Were Selected With Concurrence 
From NASA/LeRC 


environment, and total quantities of fluids consumed as directed by the statement of 
work. Baseline vehicle characteristics were derived and candidates which had 
appropriate requirements for orbital resupply wore selected. 

2. 1 LITERATURE REVIEW 

Various NASA, Convair, Aerospace Corp. and inrlustry studies have l>oen reviewed to 
identify alternative concepts for orbital transfer vehicles (OTV), sjxice platforms/ 
space otations, and automated and manned spacecraft. The Convair s|xice data banks 
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review applicable 
docllwentation for prop. 

STAGES PROGRAMS/COiVCEPTS 
REQITRING flcid transfer 


identify flltds used, fluid 
parameters, a.vd tank 
geometries 


CATEGORIZE BASELINE VEHICLE 
CHARACTERISTICS 


SELECT BASELINE CANDIDATE 
VEHICLES IN THREE GENERAL 
CLASSES 


recommend vehicles FOR 

ANALYSE 

Figure 2-2, A Straightforward 
Review of all Upper Stage Con- 
cepts was Employed to Yield 
Representative Stucfy- Candidates 


and personnel were also reviewed to obtain available 
information for identification and description of 
orbital transfer, space platforms and spacecraft 
expected to have tanks refilled in space. STAR and 
International Aerospace Abstracts were consulted to 
insure adequate coverage of representative concepts. 
All document sources consulted in this review are 
referenced in Appendix A. 

All available tanks that could conceivably be involved 
in fluid transfer were also considered. This included 
the STS Reaction Control System (RCS), the Orbital 
Maneuvering System (OMS) propellant tanks, and the 
Shuttle External Tanks (ET) as depot or OTV 
confi^ration. As information was extracted for 
each item, the source document identify number and 
pertinent page numbers were referenced. 

Sevenfy-nine candidates were identified as a result 
of this literature review, and are tabulated in Tables 
A-1 through A-4, Appendix A. 


The first 19 items (Table A-1) include the STS orbiter, 
space tugs, and orbital- transfer type vehicles and 

such asreusab..A,ena, Ceataur. 

veh^les based on the Satunn V stage tanhsTnd engine's 
1 mneteen items also include early space stations, LEO observatories and a 
s^ce taxi. Items 20 through 39 (Table A-2) include the various OTV concepts Identi 
be6 to ^pport and move large space structures as solar power satellitL laree 
^ar platforms, propellant depots, space stations, and manufacturing facilittes Some 

4ot:u;"oT™:A“3V‘’ concepts ^d desfgns! llms 

R ^ ^ concepts for propellant depots, the various develor>- 

denoJ versions of solar power satellites, the supporting space stations, staging 

^ten^afamsT ■'adar platforms, earth obsenration platforms 

nha. r ^ power relay), and logistics tanks. The em- 

"tern tTZuSToS^^ likely to use reflllablc tanks, 

ahlp fo ir ^ ^ include automated spacecraft likely to include refill- 

able tanks; items 80-82 (Table A-4) include manned- spacecraft concepts. 

2.2 IDENTIFICATION OF FLUID PARAMETERS AND TANK GEOMETRY 

hon environment, fluid temperature and propellant expulsion rate.I'eXd by'the 
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statement of Work. Data not currently existing was derived from conceptual design 
data. For instance, tank geometry was assumed to be constrained by STS Orbiter 
cargo- bay dimensions, wliere STS was tlie designated delivery vehicle. Similarly, 
acceleration forces were matched to tlie mission. For example, deliveiy of large' 
space structures from LEO to GEO requires low-tlirust acceleration less than IG- 
consequently, propulsion tanks of associated veliicles were assumed to operate in a 
less-than IG acceleration environment. 


2.3 CATEGOIUZATION 


A generalized classilication of s{xicc vehicle Links into fluid/acquisition classes was 
accomplished using the following groupings as stipulated by the proposal. 

Class A Storable with Acquisition De\'ice 
Class B Cryogenic witli Acquisition Di'vice 
Class C Cryogenic witliout Acquisition Device 


Additional catt'gorization was accomplished in terms of tank size, t:mk geometry, 
operating pressure, vent pressure, tempc>rature mid flow rates as defined by limits 
given in Table 2-1. These categories, together with background in mission analysis, 
enabled the selection of representatives for eacli tank size. 


Table 2-1. Categorization Limits 


SIZEi 

I^rgo 

MmlUiin 


miHurvi 

> 4 ft 100 kg (100, 000 IJ)s) 

•lfi400kK(iOO,0001.lwi)-4ft40kg(10,000 liw),(lft000 kg - 2,000 kg for I II.,) 
4 MO kg (10,000 Um) - 4ft l kg (1000 liia) 


SHAPK ((iooiiuitry): 

SpheroUltil 

Kh|iBol(tal 

'romlilul 

AOQfllSmON 8Y8TFM/MKTIIOI); 

Acctiltiratlon 

f'UplIlury 

Hlucklor 

fHhun, ^ 

Proa ail ro 

Pump 

ACCKI.KIIATION I.KVKl.j <or> Ig 
TKMPKHA'niHKi 


Oryugoiilo 

Avg 

High 

Hot 


<200K (Holla Off) 

200 - 320K (Stonihle) 
320 - 400K (t\Kila Uf| 
> 400K (Itapiil iUiollng) 


OPKUATINd PIUCtWIlUK, 

U)w < 200 (20) 

Mmlliim 200-2000 (20 - 200) 
lUgli > 2000 (290) 

VKN’r PUE8SIIHK, kN/m^(pala): 
<200 ( 20 ) 

Muilimn 200-2000 (20 - 200) 
High >2000 ^200) 

KIX>W UA TE. kg/m^/aoc 

Uiw <10 (2) 

Mtutliim 10 - 100 (2 - 20) 

High > 100 (20) 
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2.4 BASELINK CANDIDA TK VKHICI.KS 


Basolinc caiuiidaU' vt'lurlos wore soUh-UhI from tho total listinj.'; in I'abU's A (Appendix 
A). 'Plus list of candidate vehicles is comprised of representative and realistic designs 
that are most likely to re((uire i>ropellant transfer in the next two decades. 

Initially, likely caiulidatc's were screened bast'il on those thought to be applicable for 
missions projected in this time period. On-orbit propellant transfer will operate in 
two general mission arenas. One is the transixirtation of payloads from l,KO a 
hip'h eiU'paN oil)it, e.j;., l,KO totif.O, ami Ijf.O to lunar orbit. I’lu' si*cond is movinp' 
systems within an orbit. I'he former requirc's high impulse cryt)genic propellants 
lilting heav\ pa\ loails. I he latter t'lH'rali’s near a base location for si'i'vieing and 
maneuvering payloads. These vehicles may laaiuire long orbit stay times beBveen 
relill ami are bettiu' suited lor earth storable propidlants. C.enerally thesi> vehicles 
ojX'rate within a few lumdred miles and in a rangi' of orbit inclinations from the 
propellant base. 


. \ this timet lame [uaipeliant transfer ti'chiudogy will iirst be usc'd for tojiping off 
cryogenic veliieles which cannot be carried full to orbit due to STS payload liinitations. 
toward the latter part of the l!)!)0s both ci-yogenie and earth storable vehicles are 
e.xpeeted li> be spaci' basmk 

In the process ot vcluc!i> selection, those stagt's based on existing exjH'ndable vehicles 
were eliminated quickly. These vehicles if used in the Shuttlc/Orbitcr will be flown 
in one llighf; therefore, not requiring propellant transfer. Also eliminaU'd were 
receivers for UCS propidlant. These generally require small amounts of propellant; 
a better solution might be total receiver tank ehangeout xau sus i>ropellant transfer. 

In the past two years, much ettort has been conci ntrated dc'fining the Solar Power 
Satellite (SPS) and its transjx>rtatit)n system. Vehicles liave been defined in those 
studies wliich depend on propellant transfer either at DfX') or GEO. The SPS vehicles 
apixair representative of those required for future space needs. From tliese-defincd 
vehicles, table 2-2 details the vehicle selected based on proix'llant type and acquisition 
device, ami tank shajX' and size. 

To enable' a more thoi-ough seivi'iiing, each of the three major categories wen' broken 
down into tliree sulv-eategories (large, nu'ilium, and small tank). An attempt was nuide 
to obtain a repri'sentative candidate for each major categoiy ;uul sub-eategory as shown 

in lable 2-.?. 1 his comparative nmtrix was list'd to determine tlu' final three vehicles 

selected. 


2.f) VEHICLE RECOMMENDED FOR ANALYSIS 

The deU'rmination of which three vehicles should be selected from Table 2-:i was 
primarily based on usagi' and eonligurations most likely to be produced in the PJSOs 


Table 2-2. Initial Selection of Representative Vehicles 




— 

Proixtllunl TvinVAuqulslClon Device 


•lustifu alion 

Storulilc wllh partial acquisition 
device. 

Low IhiTist liquid oii)ltaI vehicle 
_(l^tcm 37, 39) ('l\vo options shown) 

Maximum number of refills exi>ecled 

C ryogenic wlth/wilhoul partial 
acquisition device 

Common stage OTV (117K/H7K), 
(Item 22) (With ucq. device) 
POTV, (Item 34) (Same without 
acq. device 

Hequired for SPS program, or moat 
niunned (IKO opt;ralions 

Cutecorv 

Pilot plant SPS (Item 44) Liquid— 
gaseiHis argon for oiijlt malih- 
tena nee 4 HCS (Pcrlcxiically re- 
filled) during assemhiv at LKO 

Hequires least proiKdlant delivery 
to LKO during assembly 

'l ank Shufx^ 

n Cylindrical with cui-vcd or elll|>- 
soidiil c*nds 

• Fllipsoidal 

• Spheroidal 

• Toroidal 
Tank Size 

riupresenlaUve Vehicle 
LH_^ tank f,>r common stage OTV (Item 22) 

LO^^ tank for eommon stage OTV Olom 22) 

1/2 aliigo lixltligui t ftu,l tanks for (lTV-17.-> ST (Item 36» or sutollitu coiiliol 
seiHion (Item 8) 

(hi oiLit assi inbly OTV U> ^ tank (Item 29) 

• I. urge 

• Medium 

• Small 

u rv - 47,1 1' (52(IK/.12()K) Hon. 20) I.H tyil.KlrlcI 

LO_^ Klllpsoldal 

Coniniun slago OTV (117K/117K) Horn 22 Ul, Cylindrical 

Klllpsoldal 

1, 2 aluBO t,xitli,.cr & fno) (Ml ) latjts for uTv 4TGT fllom 20) ... 

I'olo.i|)oralor roliioval-systom hydrazine tanks (N .^1,, cylliHlrlcal) 


and 1990s. With NASA/LeRC concurrence, three vehicles shown in Figure 2-1 were 
selected. Table 2-4 contains a summaiy tabulation of the vehicle characteristics. 


2.5. 1 CLASS A - EARTH STORABLE VEHICLE WITH PARTIAL ACQUISITION 
device, a low thin, St liquid (LTL) concept was selected as representative of this 
class. The us^e of this veMcle would primarily occur near one altitude location, 
e.g. , LEO, GEO, lunar orbit. However, during early years operation it could be 
considered for moving large space demonstration structures between LEO and GEO. 
Its pnmaiy fimetion would be to seiwice, insptx’t, and retrieve objects near its 
operating altitude base. At l>EO its prime function would be to enhance the Shuttle 
capability by placing the Shuttle payload at altitudes and inclinations beyond the STS 
capability. At other altitudes payload propellant servicing or module replacement 

are uses which may enhance cost effectiveness. Orbital debris removal is another 
application for the LTIj vehicle. 


2.0.2 CI^hS B - CRYOGENIC VEHICLE Wmi PARTIAL ACQUISITION DEVICE. The 
Persome Orbital Tr.-m.,Ior Vchiclo (POTV) cor,.slsts of hvo cryoRcnic 117,000 pound 
Proliant stages capable of dolivcrinB throe or four men to geostationary orbit and 
tack to LEO without GEO refueling. The vehicle with GEO refueling is capable T 
e ivering a 75 man passive module plus two-man crew module plus 20,000 Kg (44,000 lb) 


Table 2-3, Representative Candidate Receivers 




of payload to GEO aad returning both manned modules. TMs is 48,500 Kg (107,000 lb) 
to GEO and returning 28,500 Kg (03,000 lb). 

This vehicle is a very cftoctlve system for the SPS era when lat^e 
are recfuired at GEO for repair and construetion of these satellites. Furthe , 
vehicle is not limited to the era of heavy lift launch vehicles (HLLVs), t^e jehicles can 
be carried in separate Shuttle flights and topped with propellants by an Orbiter/Tanker 
ov by a propellaS depot. Early uses of the POTV would be required for GEO payload 
servicing and repair. The function of man in space is to augment unmanned 
tasks. Man would be used to diagnose and repair space structures; do e ou - 
ordinary space functions. 

2 5.3 CLASS C - CRYOGENIC VEHICLE WITHOUT ACQUISITION ^ 

Orbital Transfer Vehicle (COTV) is capable of delivering 250,000 1^- ° 

GEO and returning to LEO. This vcMcle would operate in an era of space b. si g. 
Prosett co„t™rcon.idor u=e of oloetcic OTV. However, these vehielos rectre 
nearly a year to transfer payloads from LEO to GEO. Should mission teation 
ments of electric OTV foehnolosy prove iideasible the COTV would be developed and 
represent the largest vehicle category. 
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3 

PO'rV ORBITAL RESUPPLY 


In this section a mission scenario will be developed for the POTV concept selected 
in Section 2. A realistic mission will be defined which encompasses the key issues 
of orbital- refueling operations. These operations will include all major activities 
from post-mission "storage" in the LEO parking orbit through resupply. Vehicle and 
orbiter-tanker subsystem requirements needed for orbital refueling will be 
identified. Operational procedures and techniques for orbital propellant transfer 
will then be developed. 

3.1 MISSION SCENARIO 

In the early 1990* s, with propellant depots not yet available, OTV orbital resupply 
could be provided by dedicated Orbiter tankers. Figure 3-1 illustrates an orbital 
refueling operation in which propellants are transferred from a tanker kit to an OTV 
which is docked to the Orbiter. The tanker kit, (consisting of an LHg and an LO 2 
tank, transfer system, and pressurization system), is contained within the Orbiter 
payload bay. 



Figure 3-1. Orbiter tanker configuration 
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3.1.1 SELECTED POTV MISSION. Our current study of orbital propellant 
handling and storage systems (Contract NAS9-15640, Reference 3 -I) has defined the 
mission operations sequence for a manned five day sortie mission to GEO employing 
a space-based, two-stage OTV. Figure 3-2 illustrates the major orbital operations 
required, including rendezvous and docking, propellant transfer, mating of OTV 
stages and crew module, orbit transfer to GEO, staging, operation at GEO, orbit 
transfer to LEO, and crew-module retrieval. This mission has been selected as a 
representative scenario for POTV refueling operations. 

3. 1.1.1 Timelines. Timelines were developed to determine the impact of various 
operations. The timeline for the total five-day manned GEO sortie mission is 
presented in Figure 3-3. This timeline is based on one Orbiter vehicle, two shifts 
(no weekends) for Orbiter processing, and three shifts for launch processing at the 
pad. The Orbiter will be committed for 47 days of which the major contributor 

(73 percent) is ground turnaround time. 

The operations timeline for Orbiter flights 1 and 2 is presented in Figure 3-4. 

The total flight operations time is seen to take less than three days. The first 
working day of operations is the launch, rendezvous, docking, and IVA inspection and 
checkout of the POTV. (This also allows time for the crew to adjust to zero-g conditions 
before EVA is attempted.) The second day is dedicated to performing POT’V inspection 
and maintenance tasks. A space-based POTV would be designed for conditioned 
monitored maintenance whereby any subsystem dcigradation or failure would be 
recognized beforehand and the appropriate module would be aboard the Orbiter for 
replacement by EVA or RMS. A nominal allowance of 6 hours EVA activity plus 4 1/2 
hours pre- and post- EVA operations is considered appropriate for nominal inspection 
and maintenance tasks. 



GnOUNO 

TANKER TANKER 

TANKER 

DELIVERS 

SORTIE 

ORBITER 

OPERATIONS 

FILLS FILLS 

TOPS OFF 
STA0Eiai2 

CREW 


RETRIEVES 


STAGE 2 STAGE 1 

MODULE 


CREW 

MODULE 



Figure 3-2. Operations for 5-day manned GEO sortie mission. 
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EVENT/DAVS 

WEEKS ! 

1 

2 

3 

4 

S 

6 

7 

GROUND TURNAROUND - I3S HR 
PREPARE FOR LAUNCH - 24 HR 

MAINTENANCE, PROP. TRANSFER, STG 2 

GROUND TURNAROUND - 138 HR* 

PREPARE FOR LAUNCH - 24 HR** 

MAINTENANCE, PROP. TRANSFER. STG 1 
GROUNO TURNAROUND - 138 HR* 

PREPARE FOR LAUNCH - 24 HR 
TOPOFF STG 1 a STG 2, MATE CRM MODULE 
50AY SORTIE 

RETURN CREW & CREW MODULE 

1 


• 

■ 

■ 

j 

■ 

■ 

t 

■ 

m 

1 

m 


OBBITER COMMITTED FOB 47 OATS 


*2 SHIFTS; NO WEEKEND OPERATION 
SHIFTS FOB PAD PflOCESSINO 


Figure 3-3 • Timeline for 5-day manned GEO sortie mission (one orbiter 
tanker) 


ELAPSED 

TIME 

SVENT (HR) 

ORBITER LAliTICH 1 

RENDEZVOUS PHASING* 0-24 

RENDEZVOUS 5 

CLOSING AND DOCKING 2 

POTV CHECKOUT/INSPECTION - IVA 2 (EST) 

CREW SUSTAINING ACTIVITY 14 

POTV MAINTENANCE - 10 (EST) 

CREW SUSTAINING ACTIVITY 14 

PROPELLANT TRANSFER 5 “ 

SEPARATION . 

THERMAL CONDITIONING «; 12 - 15 

ENTRY PHASING 

REENTRY 0 5 


CUMULATIVE 

TIME days 

(HR) 0 1 2 3 


1 

1 



1 




6 

wm 



8 

1 



10 

1 



24 




34 


■H 


48 


t • 





m \ 

51 



1 

63 




64 



M 


♦assumed orbit PHASED 
ALTITUDE), OTHERWISE 


WITH LAUNCH SITE (31* INCLINATION. 478 km (258 N MI ) 
FENDEZVOUS PHASING IS 0 -24 HR. 


♦♦nominal ALLOWANCE FOR ROUTINE INSPECTION OF OTV WITH MMU AND 
REPLACEMENT OF MODULES REQUIRING MAINTENANCE (CONDITION 
MONITORED MAINTENANCE). 


Figure 3-4. Tanker flight 1 and 2 operations timeline 



It was estimated in Reference 3-1 that only three hours will be required for propellant 
transfer operations. Although this duration may not be correct, it is significant that 
propellant transfer may represent only 5 percent of the total flight operations 
timeline. It appears from Figure 3-4 that doubling this time will have virtually no 
impact upon the total flight operations. Thus, the capability for rapid propellant 
transfer became a minor element in this study. 

3.1.2 ORBITER TANKER CONFIGURATION. The orbiter tanker selected for this 
scenario is the configuration defined in Reference 3-1. 

The selected dewar pictured in Figure 3-5 features two separate propellant tanks 
equipped with hemispherical bulkheads. The LOg tank has a reversed bulkhead, so that 
the two tanks can be nested to reduce the overall length. The LH 2 tank is located 
forward and the LOg tank is positioned aft in the Orbiter payload bay. A single 
vacuum shell equipped with three girth rings and five intermediate stiffener rings 
encases the two tanks. The forward and aft girth rings serve as structural ties to the 
Shuttle, and all three girth rings provide support for the tanks. The primary structure 
for the vacuum shell will be aluminum alloy isogrid, semimonocoque, or a combination 
of both. Both tanks are suspended from the vacuum-shell girth rings, using low- 
conductive struts arranged in ''V" patterns and oriented such that the load paths are 
directed tangentially into the aft bulkheads. For the LHg tank, these support struts 
are augmented with low conductive drj^ links located at the forward bulkhead. 
Multilayer insulation (MU) blankets are applied over all surfaces of each tank. 

FEATURES: 

• CmiH RINGS SERVE AS STRUCTURAL 
TIE BETWEEN TANK AND SHUTTLE. 

• VACUUM JACKETED. 

• LOW CONDUCTIVE TANK SUPPORT 
STRUTS PROVIDE THERMAL ISOLATION 

PERMIT DIMENSIONAL CHANGES 

m H^PLY MLI -I.Sko/HR (3 LB/HR) BOILOFF 



• ACQUISITION SYSTEM DRY OUT PRE- 
VENTED DUE TO LOW HEAT LEAK. 

• LENGTH- 10.4 m (410 INCHES! 

• DEVELOPMENT COST ESTIMATE - $73 M 

• UNIT COST ESTIMATE - $14 M 


Figure 3-5. Features of an Orbiter tanker kit 
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Propellant acquisition i 

including PropellantlroC ^ ^tyof Performed for 

On top of the propellant « nearly Identical to a ^ interface lines 

OTV m, and ve„. ^nT ““ *Woh can 

Q 1 o 


— V.V4 uunneci 

3.1,3 POrv CONFIGURATION. Th o • 

selected Performing the 

influenced by mission r space-based requiremonf '' will be 

propellant acquisition include tank size or subsysten.s 

influenced by space h ^ insulation system and vent* ^ ®®®*ii‘ization system, 
system. RZionTeTn T Sll include Subsystems 

"typical" OTV mission*f process will be follow h requirements 

selecd. po.n«ai peob^e.e a 
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3.1.3. 1 Subsystems Influenced by Mission Requirements. 

Pressurization System - The selected pressurization system will require helium for 
propellant tank pre-pressurizalion for each main engine start. Pressurization 
requirements during main engine firing will be autogenous for the liquid hydrogen tank 
and helium for the liquid oxygen tank. Main engine-start helium usages will not be 
excessive because engine-start requirement will be approximately 3.45 kN/m^ 

(0.5 psid) (LH 2 tank) and 6.9 kN/m^ (1.0 psid) (LO 2 tank). Totn] mission helium 
usages will be relatively small for the LO 2 tanlv because helium will be bubbled through 
the liquid bulk. The tank pressure increase will be primarily due to propellant (waporation 
into the helium bubbles. Autogeneous pressurization was selected for the hydrogen tank 
because a) it is a simple and proven approach, and b) the alternative helium pressurization 
approach will be considerably heavier. This type of pressurization system was analyzed 
in contract NAS3-20092, Reference 3-2. 

Helium within a propellant tank can complicate an orbital tanking procedure because of 
the need to e^el most of the inert gas before propellant transfer can be initiated. 
Unfortunately, in the near-term, tliere is no viable alternative to helium pressurization 
for main engine start since main engine NPSP requirements must be satisfied. An 
advanced engine with "boot-strap" capability, i.e., with no NSPS requirements, may be 
developed in the future. A major benefit from this development will be a simplified 
refueling procedure. Until then, refueling operations must be capable ot dealing with 
helium inside the propellant tanks. 

Propellant Acquisition System - Analyses were performed in Contract NAS3-20092 
to assess the benefits of a partial propellant acquisition system for OTV. The 
acquisition system combined \vith a thermal subcooler was analyzed to determine if 
these subsystems could replace helium pressurization mul RCS subsystems. Although 
a final assessment has not been reported, it is likely that an acquisition s> stem is not 
performance effective for a number of OTV missions. At this time, it is judged that a 
partial screen acquisition device will not be included as part of an O'l V configuration. 
However, an exception to subsystem selection is made in this case and with the 
pressurization /stem, as explained below. 

To provide a more thorough discussion and analysis of PO'i'V orbital refueling operations, 
it was decided to include the helium pi*essurization and screen acquisition (start basket) 
subsystems. In this way the influence of each upon refueling techniques or procedures 
could be assessed. 

Insulation System - A multilayer insulation (MIJ) system was selected as b<.‘ing 
representative of thermal protection .systems which may be employed for OTV. A single 
blanket consisting of twenty MLI layers was selected on the basis of a previous analysis 
conducted for Contract NAS3-20092. Radiative properties of the organicjiUy-coated 
aluminized K^ton Superfloe MLI \sill result in a maximum equilibrium temixjrature 
of 2S9K (~520R) (Figure 3-7) for the estimated a/c ‘>f 0.3. This maximum temperature 
is based upon the worst case assumption of a tank surface continuously exi)osed to the 
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sun. The lower temperature curve is tor the assumed condition of a vehicle rotating 
at a rate suflicient to maintain uniform skin temperatures loug ou . 

The amc required tor the propeUant tanks to attain equiUbrlum temperatures will be 
leind'nt u^n the propeUant mass remaining at POTV final MECO. These 
residuals must first Utilof. Uuulds 

rh^ir::ri: S-aiee have not yet been c— 

from which an acceptable Uquid residual range 1* 

Centaur vehicle fUght experience, however, a remdua^l ^ot abc^t 200 ^ (441 1^ f«r 

tank appears reasonable. These quanUtics mil bo.loff m about 6 to 8 days. Beyon 

this time the propeUant tanks and remaining vapor mil begin to increase in 
tmsnme, me piupe temperature increase will 

temperature as shown in Figures 3- • u-rrh nc ('i20Rl as 

dTpend upon the external shield temperature, which can be as high 
• A- toH hv Fiffurc 3-7 Propellant tank transient time to steady state is given f 
toe elm^ toperatos to show how this transient will be i.tflucnced by vehicle 
roll-rate and a/e • B is seen that Uquid-oxygen tank et.uiUbnum can be »“f“nbd i 
minimum of 8 to 12 days, and hydrogen tank equilibrium can occur in a niim 

of 16 to 22 days. 

Vent b-vstem - A thermodynamic vent-system will be required to provide vent 
IllbX ^r the proposed OTV mission profiles. This type of vent sy^m can 
m"vehicle tankVessure control in a 

refueling procedures. Further discussion mil be postponed until after space-basing 
requirements have been evaluated, 

3 13 2 Subsystems Influenced by Space-Basing Requirements - Space-basing 
rondiuLs are defined as Uiosc condiUons affeeUng the 

atorage o, each stage until r^ ^g^J^'ratn uuIy^pabiUty- 
diKiW is subsequent relueling operations 

Tconsidererto a space-basing vehicle requirement. The insulation and vent 
systems selection will be influenced by space-basing considerations. 

Insulation System -In addition to the mission requirements previously identifmd, the 
iSiiniS^SSl^must provide thennal protection for propellants where multiple 
cXl^r m5!tfare needml to support a single OTV mission. For Jhis scen^o lUs 

Ukcly that the OTV stages wiU reside in orbit tor several prior^o a 

pomolete Too little insulation Nvill result in excessive propc i 
rS:mide‘:^irh trade analysis sliould be 

space-based requirements. This study assunted twenty Mlu layeis was accepta 
for both requirements. 
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Equilibrium Tern, “K (®R) 


NOTES: 


1* a/ e - shield absorbitivity to emissivity ratio 
= 0.3 (expected value) 

2. Curve 1 assumes veUcle roll rale that maintains uniform shield tempe ralure 

3. Cui-vc 2 assumes that shield is continuously exposed to solar radiation 



Figure 3-7. Influence of MLI external shield radiative properties and 
orientation upon propellant tank equilibrium temperature 

NOTES: 

1. Liquid and vapor initially saturated (s' 103 kN/m^ (15 psia) 

2. 20 layers MLI 

3. Propellant tank heating rates are: LH 2 tank = 0.18 k\V (607 Btu/hr) 

1^2 tank = 0,07 k\V (232 Btu/hr) 

4. Time includes « 0.4 days for tank pressure to increase to 138 kN/m^ (20) 
vent pressure 





TEMPERATURE, K fR) 


NOTES: 


1. 20 layer MLI 

2. Propellant tank initially filled with vapor at: P = 138 kN/m^ /20 psia) 

T - lllK (200 R) 

3. Constant tank pressure maintained in crbit 

4. Tank skin and ullage reside at same temperature 

5. Expected external shield temperature = 278K (520R) 


(600) EXTERNAL SHIELD 



Figure 3-9. Transient time for POTV LO tank to attain temperature 
equilibrium in LEO 


TEMPERATURE , 





NOTES: 

1. 20 Inyoi's MLI 

2. Propellant tank initially filled wiUi vapor at: P = 138 kN/m^ (20 psia) 

T 2(;.7K(4SU) 

3. Constiint tajik pressure maintained 

4. 1 ank skin raid ullage reside at same temperature 

5. Expected external slileld temperature - 289K (520R) 


EXTERNAL SHIELD 



I Figure 3-10. 
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liansient time for POl'V Lll,, tank to attain temperature 
equilibrium in LEO 
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ft r “--WW refm TU P^PeUant tank blowdown 
wth the thermodynan.le vent system ex4pt ^^ 1 ;, , “““ ■* >«rformed 

*" “ P*'--Pn><=ly long blowdown mode. The prolul, ■'ooult 

period IS likely to be at least an order o( T*'" “'‘""S 

e mission. Furthermore, the long blowdoi^ duratir^^^Tri^^^ 
several days. It appears, therefore that • ” could delay rendezvous by 

capable of vent rates at least an ordLr of another system 

dynanile vent system. A non-propnlsive venfsT^l®";?^ “’“"p '1e thermo- 

configuration if required. * ^ ^ ^ included in the vehicle 

3.2 ORBITAL PROPELLANT RESUPPLY TECHNIQUES 

Refueling operations of space-based OT\r u au 

de^t Will present obstacles not here Jo.; “norb“ 

::rrrsprb:sX=~^^^^ 

orbiJcond."Z°sr^TrrtfcT!^U^^^^ and changing 

Retribution is not sufficiently well defined in operations. Liquid vapor 

the filling operation. Also, (he cost of tran ^t vapor venting during 

will be sufficiently high ( >400S^kg) thaUwo^hlTe v refueling 

during operations. In addition. Ze vZaZrof^eaZ""?, 

lov. earth orbit will further complicate refueling o^raLZ. in 

The limited personnel, ancillary equipment and inci 
m space serve as a major consTraint fZ olV 

wiU perform operations in space that reauirp , , ^ operations. The fUglu crew 
and the operations will be more complicLd ZZo 

constraint because tlie equipment and insTrii f most severe 

operaaons must be Umiled to a, at rri,,2 cTCml°u '^T for space- based 

crew. These constraints ol limited resources plasT f^X^icd by the Right 

mlmmum set of o„-„rhit refueling crihirlallveMn ^ 01 ^ 1 ^“,!"''*”'™ “> “><= 

3.2.1 ON-ORBIT RESUPPLY CONCEPTS r ii- 

easily aocompUshed because vapor is teadilv 'cn be 

cooUng a vehicle on the ground prior to crvoarr’ru " i'itroduced. Even 

low-g propeUant fill cannot be satlsfaetn,Z ^ ^ ^ routine operation. However 

techniques. This is because Hn.Z ^ accomplished with standard one-v 

toe filling operation. Consequentiy7a'Zutine"^^’^^‘? ^ 

become a process requiring considc’rable care ZoTbiZ^'^^^^^" 


3-11 


Table 3-1. A nunimum set of on-orbit refueling criteria is 
required for acceptable operation 


Flexibility 


Simplicity 


Safety 


Precision 


Efficiency 


- Tins is an important ingredient required of refueling procedures 
because initial conditions may vary from one refueling operation 
to another. For examiitv tlte initial OTV temperature will be a 
function of time in orbit between refueling operations and liquid 
residuals at tlie end of the previous mission. It is conceivable 
that propellants may reside within the tanlvs as one extreme 
condition; the other extreme would be tliat of vapor-only inside 
warm propellant tanks. Tank temperature could have a profound 
influence on the transfer process. 

- Limited resources demand that a simple and straightforward 
procedure be devised. Tiie few personnel available must be capable 
of connecting and discoimecting transfer lines and monitoring 
systems to avoid supply tank propellant depletion, receiver tank 
overfill, or overpressure. We must be able to rely on a limited 
number of measurements to describe propellant transfer conditions 
adequately . 

- Operations must be selected to eliminate any concern for tank 
over-pressure, and mixing of hydrogen mid oxygen in a confined 
area must be avoided. 

- Some degree of precision will be required in this operation to 
support vehicle missions. Propellant tank pressure, temperatures 
and tank masses must be known with reasonable accuracy. 
However, propellmit temperatures and pressures can be heavily 
influenced by the initial OTV tliemial condition. 

- An efficient propcUmit-mmiagement system is necessary because 
of the high trmisporation costs of propellmit delivery to orbit. 


Propellant fill is further complicated by one of two conditions that may exist: (1) in empty 
storage tank residing at a substantially higher initial temperature than the ciyogen 
prior to initial fill or (2) a partially full tank requiring that helium pressurant 
be vented before refill can be initiated. Two questions arise. First, how do we fill 
the storage tank without expending excessive propellants in the process and without 
exceeding structural allowable storage tank pressure ? Second, how can we vent helium 
without losing liquid overboard in the process? A resupply concept must satisfactorily 
handle these conditions in addition to satisfying the requirements and constraints 
previously identified. 

A comprehensive screening of potential resupply concepts was conducted on a previous 
study. Filling of Orbital Fluid Management Systems, NASA CR159404, Reference 3-3, 
to identify methods of refilling small-scale propellant-management systems in space. 

Systems considered include those using pressurant to condense vapor, valving 
arrangements, pumping, capillary pumping, use of thermodynamic venting, vacuum 
refilling, inflow baffling, high pressure manifolding, shaping of channels, and 
propellant depot refilling stations. These concepts were developed into the most 
reasonable, or most likely, candidates for orbital refilling. The descriptions and 
comparisons made in that study are applicable to a wide range of receiver applications, 
including OTVs. Table 3-2 is an example of the data developed showing candidates, 
their operation, advantages and disadvantages, and other comments. 


Table 3-2. Typical example of a resupply concept screening procedure 
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Each of the candidate concepts from the study was compared on the basis of the ten 
criteria shown in the comparison chart (Table 3-3). The evaluation was performed 
using hydrogen as the baseline fluid; however, the results are generally applicable 
to other cryogenic fluids with both condensible and noncondensible pressurant. A 
more detailed discussion of the concept evaluation can be found in Reference 3-3. 


The selected concept (#2) for refilling small scale systems includes filling the tank 
throt^ a spray nozzle to maintain pressure control, and employing helium pressurant 
to re-condense vapor trjg)ped within a screen acquisition device. This was one of two 
concepts evaluated for POTV. The second concept assumed that propellant was 
introduced through a large diffuser in an effort to achieve extremely low entering 
velocities. An assessment of the first concept is given in Section 3.3.2. The second 
concept, ^^^ch was 'ound to be inadequate, is discussed in Section 3.4. 


Table 3-3. Propellant tank refill with Uquid spray was previously identified 
as a viable concept 



i 
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3.3 selected ORBITAI, RESUPPLY method 


For initial filling thp potv • 

TUs will be the approximate “ temperature of about 289K (520R) 

msulatiou (MU, radiatiou Propertie/ ^ «.e multilayer ' 
are also expected to occur during the approdmal • aWlibrium condiUons 

en o one mission and the beginning of refuep ^ eight-week period between 
Thus, propellant bolloff could eomS. „ f. “P®-^a»»s for another mission 
■asues to be resolved are: l, how to fm operations. 

propellants In the process and ZlZceZ \ excessfve 

pressure, and 2) how to assure that the t f structural allowable receiver tank 

f vapor at end of propellant -'U bl Ze 

to resolve these issues Thp foil \ ^ selected for the POT v 
acceptable PropeUantta:^::;":™;:^; -r« etm^^SIir ““ 

Will be analyzed in detail. ' Prechill, fill. Each element 

tello^I!^“ressuriS'^^^ Procedure will be developed for a POTV h ■ 

e pressurization system-start basket combinations ”® “-r 

a; no heUum pressurization - no start basket 

b, no helium pressurization - start basket 

) helium pressurization - no start basket 

d) helium pressurization - start basket 

3*3,1 ini tial VFntt h 

tee prechill and tank-fill ope^OTs ' Th required whenever it wiU simplify 

f^d‘t?t'7'' "’““^teiy; when helium is Tbe^Tx^rd^'^"'™* "*'" either 

“ reduce peak pressures that occur duHngXohir"'' “■’'ration. 

°f 'J' or near-empty 

teat the propellant tanks will be refueled to trni^o^ aclieduled mission. It is expected 
IS non-condensible, that quantity in the tank at th Percent level. Because helium 
at the end of tanking. Consequentlv fho i • be present 

dunng refill can substantially increase heUum pa'^^^ersure.'''’'''”" “’^rienced 

This fact is illustrated by Figure 3-11 whim. 1, 

pr^urronr'' “ 

antimatedVar^reCr ~ " ** --eltl: hT„7 

TUs assessment is based upo, r„eT7to k7w“l '"■I -o'- ^ acceptable 

end of pro only taZLssu e ““"'■‘““"e at toe 

.n the residuU helium quanUty dircLy Mte7 2 7 “"certalnh. 

pressure. ^ “‘ects our knowledge of propcllimt va,»r 
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Figure 3-11. Liquid oxygen tank helium partial pressure following 
refueling operation. 


Another important reason for expelling helium from the propellant tanks is the need to 
maintain relatively low tank pressures during the refueling operation. As a guide, 
propellant vapor pressures could be maintained between 103 kN/m^ ( 15 psia) and 
138 kN/m (20 psia), with a maximum allowable tank pressure of about 172 kN/m^ 

(25 psia). Should pressure variations of about 13.8 kN/m^ (2 psi) be selected as a 
contingency during fill, then helium partial pressure should not exceed 20.7 kN/m^ 

(3 psia). This partial pressure will convert to a maximum allowable helium mass of 
0.13 kg (0.28 lb) at Initiation of oxygen tank fill (Figure 3 - 11 ). Considerably more 
helium will be acceptable in the liquid hydrogen tank; in excess of 1.36 kg (3 lb) 
according to Figure 3 - 12 . 


Helium residuals at MECO were estimated from work performed on Contract NAS3-20092, 
which are given in Table 3-4. It is clear that the hydrogen tank does not have to be 
vented to satisfy the previously expressed propellant tank pressure criteria, whereas 
considerable oxygen tank venting is required. Two tank blowdowns are needed (Figure 
3~13) to reduce the residual helium quantity to an acceptable level. Several hours may 
be required between vent periods to allow an oxygen tank pressure increase to the level 
Indicated in Figure 3-13. 
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Figure 3-12. Liquid hydrogen tanl: helium partial pressure 
following refueling operation 


Table 3-4. Helium expended for pressurization of dual stage 
POTV 



Total Helium To 
LO^ Tank, kg (lb) 

Total Helium To 
LH^ Tanli, kg (lb) 

1st stage 

1.75 (3 • 86) 

0.89 (1.97) 

2nd Stage 

1 . (h> (3 . 65) 

1.44 (3.18) 


Note: Helium quantities extracted from Tables 5 and 6, 
Reference 5. ’ 


Pressure RoduoMon. llcceiver tank prechill which follows Uu' IniU-.; 

• r “• - — - - 

^C’^t^'t^K TANKPHECHlI.I.. Prcchill Is required whenever atlal tank 

temperature is such that tlie stored enertrv will in ^ 

^tank fill mode. Prechill is aeeompHshed by i,itmducing^Uq!,Id 

tank mass to eft..ct 
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PRESSURE , kN/m (PSIA) 


NOTES: 


1. Initial Blowdown Conditions 

P = 103 kN/m^ (15 psia) 

T = lllK (200 R) 

Helium Mass = 2. 75 kg (3. 86 lb) 

Vent Area = 12.9 cm2 ^2 in2) 

2. Helium Mass, kg (lb): 

at end 1st blowdown = . 244 (. 56) 
at end 2nd blowdown = . 089 (. 204) 

3. It was assumed that ullage temperature increased to 222K (400R) 
between blowdowns. This could require several hours of heat 
exchange betwec* wall and ullage. 



Figure 3-13. Oxygen tank blowdown for helium expulsion 
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The primary requirement for system prechill is to reduce tank temperatures 
sufficiently that the fill process will be accomplished with a locked up tank. Venting 
is unacceptable during the fill mode because of the possiblity that an unknown quantity 
of liquid will be lost overboard, since propellant control caimot be maintained during 
this process. Venting is acceptable during prechill, however, because the elevated 
tank temperatures will quickly evaporate all liquid propellant during this phase. 

The key factor in determining prechill requirements is the theoretical maximum 
pressure that can occur during tank fill as a function of initial tank temperature. 
Maximum tank pressure, for a given mass addition, occurs v^en the tank vapor and 
tank wall reside at the same temperature. The analytical development for theoretical 
maximum pressure is given below. 

The First Law expression for introducing liquid into a container is 

dE + dE = h^dm. (3-1) 

g w L L 

dEg = (“g"^g)2 ~ ^“g”^g^l ^ change in ullage energy 

If one assumes that the tank is initially evacuated 

m =0 and dE = u m 
gl g 82 82 

Also for an initially evacuated container, m = dm^ 


dE = (u m ) - (u m ), = change in tank wall energy 
w w w2 w wl 


Since tank mass is constant, - (u^^ - u^^) 

(3-4) 

Combining Equations 3-1 through 3-4 


urn + (u u ) m = h m 

82 82 W2 Wl w L g2 

(3-5) 

(u - h, ) m = (u - u ) m 
' 82 L' g2 Wl W2 w 

(3-6) 

Finally 


m - (u - u ) m /(u - h ) 

82 ^1 ^2 w g2 L 

(3-7) 


(3-2) 

(3-3) 


3-19 


^ere 


u and u are evaluated at T 
^2 S2 2 

dEg = change in tank wall internal energy 

” enthalpy of liquid entering tank 

~ differential liquid mass addition to tank 

~ internal energy of vapor in tank 

ni = mass of vapor in tank 

o 

% ~ internal energy of tank wall 

m = tanl: wall mass 

w 

T == temperature 

subscript 

1 = conditions at beginning of interval 

2 = conditions at end of interval 

From the c(juation of state • gas pressure is 


P 

82 

where 



82 


Z = compressibility factor 

R = gas constant 

Vj = tank volume 

Pg 2 = gas pressure 


The theoretical maximum tank pressures during prechill, as described by cquaUons 
3 7 and 3 8 are plotted in Figure 3-14 as a function of initial tank temperature for the 
POTV. Of particular significance is the conclusion that LO 2 tank overpressure will not 
occur at any time during tank chiU. LO 2 MLI radiative properties should maintain 
tank equiUbrium temperatures below 289 K (r,20"R). This condition will result in a 
maximum tank pressure of 138 kN/m=^ (20 psia) which is well below the maximum 
allowable of about 345 kN/m2 (L osia). For the hydrogen tank, however, the maximum 
allowable pressure of about 193 kN/m^ ^28 psia) dictates that the propellant tank be 
prechilled to a temperature less than 236 K (425°R). It is bebeved that a maximum 
pressure less than 138 kN/m^ (20 psia) is acceptable for this phase of the operation. 
Therefore, the LH 2 tank will be prechilled to a temperature of about 200 K (360“R), 

The following charge and vent procedure was selected for LH.^ tank prechill: 

a. Meter LH 2 into the tank at a high velocity to provide good heat exchange 
with the walls. 

b. Allow time for a tank pressure increase to 69 kN/m^ (10 psia) (vapor 
temperature equals tank temperature at this time) 

c. Vent the tank to near zero pressure and repeat ste|)s a and b as required 
to reduce tanlc tempcratui'c below 200K (360 ®R) 

There are several questions that caji ix; asked about the selected prechill procedure. 
These are: 


1. How can we be certain tliat tank over-pressure will not occur during preehill? 

2. How can we analytically model a complicated process that includes liquid 
boiling at not tank w:ills as a result of jet or spray impingement? 

3. How can wo be certain that liquid mil not be pivsent \\hen tank venting is 
initiated? 

4. How will we know when the propellant tank has been prechilled below 
200K (360R) 


Acceptable procedures or processes are described in the following tUscussion which 
satisfactorily answers these questions. 


Over-Pressure. First, tank over-pressure will be prevented bv 
controlling propellant flow into the tank. Accuracy does not appear to be a critical 
item as Figure 3-15 indicates. For example, the iniUal LHo charge will require 
abou.. 9.1 kg (20 Ibm); this will create a peak pressui-e of about 69 kN/m“ (10 psia). 

If 18.2 kg (40 Ibm) of UI 2 is inadvertently intro<lueed, peak t;uik pressure \v111_|je about 
124 kN/m (18 psia) , which is well bt'low the tiuik allowable of about 172 kN/m“ (25 psia) 
The data of Figure 3-15 was obtainetl by solving equations 3-7 mul 3-8. 
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PRESSURE, kN/m (PSIA) 








PRESSURE 


r 


3. 3. 2. 2 Modelling. An important consideration in selecting a refueling technique is 
whether it can be subjected to model- scaling. A concern is the early prechill period 
that will be characterized by a complex thermodynamic and fluid mechanic process 
due to liquid impingement on the hot tank walls. The resulting forced-convection- 
nucleate and film-boiUng-phenomena are extremely difficult to analytically model or 
scale. Fortunately, the complicated wall-boiling process can be resolved by sidestepping 
the issue. The wall-boiling-phenomenon need not be a critical part of prechill because 
peak pressures will not occur during this period. This is Illustrated by Figure 3-16, 
vdiich indicates that peak pressures should occur long after the LHg has evaporated 

and the vapor temperature increased to wall temperature. Peak pressures will occur 
only at maximum gas temperatures. This knowledge, plus the fact that tank temperature 
will be at about 200K (360 R) at prechill temperature, should greatly diminish the 
possibility that liquid will be present at vent initiation. Another factor to consider is 
that the heat exchange process during the limited boiLng period represents only about 
ten percent of the total energy removed during prechill. This is additional support for 
the belief that the initial transient boiling period is not as important to the understanding 
of prechill as are the latter stages of this process. 

3. 3. 2. 3 Liquid Venting. Liquid venting will not octur during prechill-vent period 
because only vapor will be in the tank at vent initiation. This point is illustrated with 
a review' of the selected prechill procedure (and referring to Figure 3-16): 

1. About 9.1 kg (20 lb) LH 2 will be metered into the tanl< at a high velocity. 

2. The peak pressure resulting from this mass addition will be about 
69 kN/m^ (10 psia). 



PRECHILL TIME 


Figure 3-16. A prechill procedure can be identified to eliminate excessive 
tank pressures due to wall boiling 
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a- yon„„K „m te Inlllalod aa (ank preasara peaka ou, (1. e, , pressure rise 

■alo approaches zero). This should coincide wUh ul ase ard H^rwaU 
temfxn-atluvs approachim- ihP , ^ 


approaching the same value, 

4. ucuid had been present in the taiik prior to vent initiation, it is Ukely 

a. IxiUng would then occur due to the average wall temperature 

being greater than 200 K (360 R), and ^ 

b. tank pressure would not be leveling off due to boiloff. 

111 ‘he tank for more 

grcate; than temperature is 178K (320 R) 

^^t4pcSf^!SffTunirior'‘“: " O' 

duilng this process. -»^.-P.ira.ures 

prechillcd at a uniform rate It is lil elv thot iK because the tanks will not be 

iniegrated, w„h ihe aid ofa cmi.pual'^l -“><■ ■* 


(UW^ - uw^) mw - mg- , (ug - h, ) 

^ M I 1 


(3-9) 


and 


‘Mgo = 


hg 1 


P* ^Reliant tank vapor density 

NOTE: This derivation assumes that the taiik is inltlnlly evacuaU-d. 


(3-10) 
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I n ni i-inl- will onori'A’-renioviil is a lunction of final vapor mass 
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(Reference 3-3) 


(3-11) 


3 2 

1. POTVTankVol. = 116.1m (4100 ft) 


Vent Pressure, 
kN/in^ (Psia) 



Figure 3 -17. Tauls. Pressure Increases Will Yield Total Energy Removal 
During Prechill 



Figure 3-18. 


1. Vent mass is based upon POTV tank prechill 
to 200 K (360°R). 

2. T = tank wall temperature at vent initiation. 

w 

3. T * ullage temperature at vent initiation. 


(50) (100) 

(T - T ), K CR) 
w u 

Hydrogen Tank Prechill Vent Mass Is Not Excessive Even at Large 
Tank Wall to Ullage Temperature Differences 
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Table .‘5-5. Propellant transportation efficiency for on-orbit I’csupply 
of dual stage POTV. 


Inefficiency*, percent 
per Shuttle payload 

Tanker Kit 


Orbiter support 

4.36 


Supply tanks 

6. 29 


Pressurization and transfer 

2.63 


Liquid residuals 

1. 90 

^Shuttle P 'L capability - 

Vapor residuals 

0. 50 

45, 454 kg 

Subtotal 

15. 68 

**Dual stage POT\" total 

Transfer line chill 

0. 10 

boiloff losses are 

POTV tanks prechill (tanks initially warm) 

0.23 

amortized over three 
Shuttle flights. 

POTV boiloff*^ assume 29 days wait 

0.74 


TOTAL 

16.80 


Overall efficiency 

83 



where 

h = heat transfer coeffieient 

p = fluid density 

= constant pi'cssure heat capacity 
Npi^ = Prandtl number 

P. = mixer input p<nver 

V = tank vt)lumc' 

P = fluid viscosity 

Equation 3-11 was developed for liquids contained in cylinders. These liquids were 
continuously agitated with a mixing unit. Mixer input power was responsible for fluid 
agitation and is one of the variabl- s of Equation 3-11. It is believed that fluid agitation 
during preehill will be the same ((or equivalent |)owcr conditions) whether a mixer or 
fluid intiow is responsit)le. Since ptnver output rather than power input will inlluence 
fluid agitation, equivalence will be between Iluid power input and mixer power output. 








WWW' 




Tliis results in 

o 

V(KFF)-^P =mv" 
i o 


(3-12) 


whore 

P = mixer power output 

o 

EFF = mixer efficiencj^ (conservatively assumed as 40 percent for this study) 

m - entering mass flow rate 

V = entering fluid velocity 

2 

mv = fluid power input 


Substituting Equation 3-12 into 3-11 results in 





2 

0.163 


(3-13) 


Equation 3-13 indicates that heat transfer to the tank walls can be controlled by vary- 
ing entering flowi’ate and velocity. 

The following charge and vent procedure was selected for this POTV prechill analysis: 

1. Charge tlu' lank at a known vapor flowrate until the difference between wall 
and gas temperature has reached a specified value; 10 K (18®F) was the 
selected AT. 

2. Vent the tank to a pre-determined low pressure. A reasonable level was 
selected as (i. 89 kN/m“ (1. 0 psia). 

3. Charge and vent the tank as required to reduce tank temperature to the pre- 
detennined level. 


Figures 3-19 and 3-20 give tank ullage pressure and wall temperature histoiies during 
the prechill period. These cuiwes are based upon adding 9. 08 kg (20 lb) hydrogen at 
0.91 kg/sec (2.0 Ib/sec) during the charge period. Note that the prechill, which in- 
cludes two chai’ge periinls and one vent period, will be about 206 seconds in duration. 
Peiik pressure for this procedure will not exceed 78.6 kN/m^ (11.4 psia). 

The influence of key prechill variables was assessed to determine if precisely kmmni 
flow conditions would be required during this proccs,?. Figure 3-21 shows that velocity 
and flowrate variations of about 100‘r will alter prechill durations by about five to 
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Figure 3-21. Mass flow rate and velocity influence upon liquid hydrogen 
tank prechiU duration 
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Tank prechill conditions are given in 
Table 3-6 except for the indicated 


variations 
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temperature 
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Figure 3-22. Influence of tank wall-to- vapor temperature 
difference upon prechill duration 
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fteen percent. Figure 3-22 indicates that large differences in tank wall-to-gas 
mperatures will have a minimal influence upon prechill duration. Finally Figure 
^ 23 shows that if the hydrogen charge mass were to be inadvei’tently increased from 
9 1 kg ,20 lb, ,o .27.3 kg ,00 lb,, bo U fte 

allowable of about 172 kN/m“ (25 psia). m.iximurn 

3. 2. 3. 6 S^mary. Analysis of the propellant tank prechill process, in this and 
related studies, has led to several surprises, which are listed below; 

1. Lic^id own tank prechill is not required because under no circumstance 
will excessive lank pressures occur during refueling operations. Thus 
emphasis was directed at the liquid hydrogen tank. 

2. Rapid prechill of the hydrogen tank does not appear to be an important con- 
sideiation. Figure 3-4 indicates that up to 64 hours of activity is required 
o support a single orbiter/POTV rendezvous and transfer operation, five 

pereent of which may be required for propellant transfer. It seems evident 
that propellant transfer operations could be increased to 10 percent of the 
tot^al timeline without significant impact. This is nearly nvo orders of magni- 

tode more time than the approximate 200 second prechill time indicated by 
Figure 3-20. • 

3. Liquid hydrogen consumed for the tank prechill process will have an insigni- 
icant influence upon overall efficiency and cost of transporting propellants 

into space for POTV refuelling. As a result, propellant tmnsfci- efficiency 
should not be an important consideration in the precliill process selection. 

win in «ectio„ 3. 3. 2. 5 

will satisfy the requirements of simplicity, reliability and safety. 


3.3.3 RECEIVER TANK FILL. Tank fll, will bo inl.iatcd at, or ,ho proohMI roqulro- 
ents have been satisfied. The single requirement for tank fill is to maintain acceptably 

ThZl A dunng (11,. Tho, mal cullibrlum will lx- approachoci 

as heal exchango bolwcon iho phases is Incroased, which can b<- achieved bv 

paling a highly agilalod fluid condiil.m. Given ihc assuuipllen a Ihermal e,,ulllbrlnni 
1^ fill a Simple relationship can be obtained between initial la,* IcmiK.ralure al the 

pressure. This relationship ,s derived below from the First I, aw of Therm, xivnamic, 
for liquid flow into a closed container. nuKiynamus 


dE +dE +dE =h dm 
S L w' I, L 


dEg “ change in ullage energy 


(3-14) 


(3-15) 



Mass Addition 
kg (lb) 

27.3 (60) 


18.2 (40) 


9.1 (20) 


Figure 3-23. Charge Mass Influence Upon Liquid Hydrogen Tank Peak Pressures 


3-32 


Table 3-6. Baseline conditions selected for liquid hydrogen 
tank prechill procedure. 

1. Initial Propellant Tank Tci.iperature = 289 K (520R) 

2 

2. Initial Pressure = 6.9 kN/m" (1. 0 psia) 

9 

3. Hydrogen vapor saturated at 103. 4 kN/m“ (15 psia) enters 
propellant tank 

4. Entering flowrate = .91 kg/sec (2 Ib/scc) 

5. Entering velocity = 6. 7 m/sec (22 ft/sec) 

6. Hydrogen charge terminated after 9. 1 kg (20 lb) enters tank 

7. Tank vent initiated when tank-to-ul!age temperature difference becomes 
5.6 K (lOR) 

2 

8. Propellant tank vented to G.9 kN/m (1. 0 psia) 

2 ^ 

9. Vent area = 37. 2 cm (5. 76 in. “) 

10. Tank mass = 447. 2 kg (986 lb) 

3 3 

11. Tank volume = 116 m (4100 ft ) 
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dK 


' \\>2 = chfi 


h dm = h /»« 


■inge in liquid energy 


dE 


L -thaipy eha„,e duo ,o o„,p.,„g 




'2 - (u^ - Uj) 


_ , wall energy 

evacuated tank 


(3-16) 

(3-17) 

(3-18) 


m 


Si 


and 


dE 


dE 


^ =0 


= u m 
S2 g2 


\ ”^1 




Combiuijig Equations 3-14 u 

14 through 3-21 we have 

u m , ,, 

Solving o<g,„,i„„ 3.32 
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(3-20) 

(3-21) 

(3-22) 
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hermal equilibrium hr . u, . „h 
^«'- e and temperature Con^ ^ ""^2 ^ related to liqmd v« 
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‘"■’""'■“d fill endiiion. "'"‘''‘"'■"■^vapor-presauro, can be 7 e,fZlnJlZT 
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about 20. 7 kN/m“ (3. 0 psia) greater tha i entering vapor pressure, as indicated by 
Figure 3-24. All of the above is based upon the assumption that near- the .inal ccp 
brium conditions will e.xist during tank fill, as will be discussed below. 


3. 3. 3. 1 lank I’cfill (autogenous) . Refill of a propellant tank containing liquid and its 
own vapor as a pressurant is a straightfoi-ward operation Liquid must be introduced 
at the correct vapor pressure, and fluid inflow conditions must be sufficiently high to 
assure near-thermodynamic equilibrium conditions during fill. An evaluation will be 
made of the relationship bcUveen initial and final tank fluid conditions, and c-itcring 
liquid vapor pressure for a thermal equilibrium process. The inlet vapor prcssun> is 
determined on the basis of the following First Law analysis 


dE f-dE 
L g 

= hdm 

(3-24) 


~ ^^l"^L^‘> ~ ^‘^L^^L^ ~ change in liquid energy 

(3-25) 

dE 

g 

~ ~ chaiigc in vapor energy 

(3-26) 

hdm 

= h (m,^,^ - = total energy of entering liquid 

(3-27) 


= m. 4 m 



L g 


The following equalities result from the assumptions of phase equilibrium and initial 
liquid temperature equals final liquid temperature: u. = Uj^j = u, and u = u 
~ ^g* ^<’*iibining these conditions with Fquations 3-2‘rthrough 3-27 resulfs in 


o~ “'i 1 ^ ^ o ~ m ,) = h (m,„, - m 

L L2 LI g g2 gl' T2 T1 

Now, total mass within the tank can be e.xpi'cssed as 


(3-28) 


m = V P - ( a -1) m 
1 r L g 

and 


(3-29) 


M ,,., - m.,,1 = ( « - 


where 




I. 


- m + m = total mass of fluid in tank 
L g 

= liquid density 




= vapor density 


M,/P 
L K 


(3-30) 
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Combining Equations 3-28 through 3-30 we find that 


u^ (m^ , “ ni, , ) + u (m „ - m, , ) = h (a - 1) (m , - m „) 
L L2 Ll' g ' g2 hi' gl g2 


(3-31) 


Also, by adding and subtracting u^ m , and u^ m „ to the left side of Equation 3-31 

L gl L g2 


(m^„ - ) + u (m - m , ) = h (a - 1) (m - m ) 

L ' T2 Tl' ev ' g2 gl ' ' gl g2' 


(3-32) 


where 


u 


ev 


= (u - u ) =: internal energy of evaporation 
g L 


Combining Equations 3-30 and 3-32 


u,. ( a - 1) (m - m „) + u (m „ - m , ) = h ( 'X - l) (m „ - m , ) 

L ' ' ' gl g2' ev ' g2 gl' ' ' g2 gl' 

Solving for the entering liquid enthalpy, 


(3-33) 


h “ ■uev/(0t- 1) (3-34) 

ij 

Results are plotted in Figure 3-26 showing liquid hydrogen tank final vapor pressure as 
a function of incoming liquid vapor pressure. It is interesting to note that this vapor 
pressure relationship is independent of initial propellant load at the start of refill. 
Furthermore, although Equation 3-34 was developed for an initial thermal equilibrium 
condition, results are also applicable to an initially superheated ullage. 

The above results in acate that refill can be simplified because the same entering 
liquid vapor pressure will be required regardless of initial fill condition and ullage 
temperature. Figure 3-26 indicates that final tank pressure will be approximately 
27.6 kN/m^ (4 psia) higher than entering liquid vapor pressure. 

The thermal equilibrium processes described above have demonstrated that tank fill 
(and refill) can be performed without having to vent. This is an important conclusion 
because selective vapor venting will not be possible once tank fill is initiated. Liquid 
venting must be avoided because the propellant loss and resulting disturbing torques 
couid be unacceptably high. Consequently, it is mandatory that the refueling 
process be perfonned with a closed tank. The next step is to analytically describe the 
tank fill process in order to assess the influence of such key variables as entering 
flowrate and velocity upon thermal equilibrium. If thermal equilibrium conditions 
can be readily achieved for a reasonable range propellant flowrates and velocities, 
the), orbital refueling, without venting, will be possible. 

3. 3. 3. 2 Tank fill analysis . The intent of the tank fill process will be to create 
turbulent conditions within the tank. These conditions will be achieved by introducing 
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Figure ;i-2(>. Knti'ring Liquid Hydrogim V;ipor Pressure Ib'quired to 

Maintain a Constant \'ajx?;r Pressure in 'I’ank During Fill 

liquid into the tank at high velocities (and perhaps through a spray no/./.le) to provide 
the high iieat-transfer lates needed to attain neai'-tlu rmal equilibrium. As tank- fill 
continues, the internal tank lluid environment changes from liquid droplets in the 
ullage volume to vapor bubbles entrained within a liquid bulk. It is expected that the 
transition from lieat transfer dominated by liquid droplets to heat transh'r dominated 
by vapoi' bubbles will occur in the range of 4 Ob to (!0'v liquid fill. 'I'he mechanism of 
liquid spray in a vapor environment will change to that of vapor bubble entrainment 
and dispei sal, within the liquid volume. 'I’his mechanism will be the dominant mode 
of heat and mass exeh;»nge throughout much of the tank fill process, and is the only 
mechanism that will influence tai\k pressures toward tlie C('mplction of tank-fill. 

The basis foi- any fill process is that sufficient fluid motion created within :i pro|H'llant 
tank will maintain near thermal e(jinlibrium. As e(|uilibrium is approached, tin* i>rcs- 
sure difference ( AP) between t:mk pressure and li<|uid vapeu' pressure will approacli 
zero, and absolute tank pressures dui ing fill will approach a minimum. To aid in 
describing tlu' phenomena that ai(> cxpiaMcd to occur, tank fill cxpi'rimei\t results arc 
hypothesized and given in Figure' ;j-27. I’he figure illustrates two important i>oints; 
First, tank A I' bi'comes smalb'i as Howrali' foi' a given tank configxiration is increas- 
ed. 'I'liis is i'xi>oi>ti'd. iH'cause heat i.ansh'r eoc’ffic.c'nts will increase* as llowrate' 
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FILL DURATION, seconds 

Figure 3-28. Influence of Liquid Spray Droplet Diameter Upon Liquid Hydrogen Tank 
During Fill 



FILL DURATION, seconds 

Figure 3-29. Influence of Liquid Spray Volume in Ullage Upon Liquid Hydrogen Tank 
Pressure During Fill 


spray vulumo will have a greater iolluence upon pressures than droplet diameter. This 
influence, however, does noi appear to be significant. Note that the two curves cross- 
over at about 4000 seconds (3ti'r fill level. Beyond this time the case for PACK=0. 2% 
predicts a lowei’ pressure than the case for PACK=0. 05%. This cross-over is probably 
due to the greater liquid-ullage heat exchange (for PACK=0. 2%) which tends to maintain 
near-thennnl equilii)riiim conditions. 

Figure 3-30 shows the influence of propellant flowrate upon tank pressure. For this 
case pressures are plotted against propellant fill levels in order to noimalize the 
influence of different tanking flowrates. It is seen that liigher flowrates will result 
in slightly lower tank pressures during the early stages of fill, followed by slightly 
liiglier tank [iressures later in the fill process. The lower initial pressures during the 
early part of tanlving are caused by the quenching influence of the higher mass flow 
condition. 'Ilie higher pressure rise rates that occur later in the tanking operation are 
due to an inability to transfer the higher heat of compression rates from ullage to propellant. 

Table 3-rf and Figure 3-31 serve to illustrate this point. The energy exchange required 
tt) achieve tliermal equilibrium between ullage and propellant bulk is summarized in 
Table 3-8. This quantity for the POT\’ hydrogen tank is a(iproximately 13.48 kW-hr 
(46U10 Btn), and remains indet)endent of refueling duration. The rate of heat exchange, 



Figure 3-30. Mass Flow Hale Influence Utxjn Liquid Hydrogen Tank Pressure 
During ^11 
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Table 3-7. Baseline conditions selected for liquid hydrogen 
propellant tank fill analysis. 

1. Initial tank temperature = 200 K (360 R) 

2. Tank mass = 447. 2 kg (98G lb) 

O Q 

3. Tank volume = 116 m^^ (4100 ft ) 

2 

4. Initial tank pi'essure = 0 kN/m“ (0 psia) 

2 

5. Liquid hydrogen, saturated at 103.4 kN/m (15 psia) enters propellant 
tank 

6. Entering liquid flowrate = 0. 68 kg/sec (1. 5 Ib/sec) 

7. Entering liquid velocity = 3. 05 m/sec (10 ft/sec) 

8. Spray droplet diameter = 2540 p (0. 1 inch) 

9. (Liquid spray volume in ullage/ullage volume) = . 002 

however, will be inversely proportional to tank fill duration, as illustrated by Figure 
3-31. This figure indicates that the average heat exchange rate will be 13.48 kW 
(12.78 Btu/sec) and 6.74 kW (6.39 Btu/sec) respectively, for one hour and two hour tank 
fill durations. 

Computer loins were also conducted to determine the influence of inlet velocity upon 
fill pressures. No plots are given because it was found that tank pressure variations 
will be insignificant over a velocity raiige of 3. 05 m/sec (10 ft/sec) to 15, 25 m/sec 
(50 ft/sec). 


Table 3-8. Ullage cooling required to attain thermal equilibrium during POTV LH 2 
tank fill. 



Energy 

KW-hr(Btu) 

Comments 

Initial Ullage Energy 

10.4 

(35500) 

Based upon tank wall temperature of 
194.4 K (350R) at end of prechill 

Heat of compression 

3.33 

(11380) 

Compression heating due to fill 
process 

Final ullage energy 

0.25 

(840) 

Assumes 5% ullage volume at saturated 
conditions 

Ullage energy i*emoval 
requirements 

13.48 

(46010) 

This energy must be transferred to liquid 
in order to attain thermal equilibrium by 
the end of tank fill. 


L 
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Figure 3-31. Hoquirod Average Ullage-lo-Liquid Heat Transfer Rate 
for Liquid Hydrogen Tank Refuelling Operation 

Fill Model for Vapor Bubble Dominance. When (he propellant tanks arc approximately 
50'',' full, the dominant heat exchange miKle will be that of convection and condensation 
bctAvccn the litjuid bulk and entrained vapor bubbles. 


In a previous study (Reference 3-3) equations were obtained which predict this heat 
exchange during tank fill. These equations (given below) include the influence of inlet 
fluid conditions, fluid properties and tank geometry. 



= .103 


(mv“/V^ ) 



1/4 


(3-35) 


where: 

h = heat transfer cixifficient 

C = constant pressure heat capacity 

P 

p = liquid density 

N , = Prandtl number 

I i* 

m = entering mass flow rate 
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V 


= entering liquid velocity 


= liquid volume in tank 


= liquid viscosity 


d =■ 


0.6 0.5 

1.134CT e 

^.2 2,„ 0.4 

y (mv /V^) 


+ .09 


where; 


(3-36) 


d = bubble diameter, cm 

(j = surface tension, d 3 Tie/cm 

e = entrained vapor volume to total vapor plus liquid volume 

y = liquid specific gravity 

Note: These equations are from Refei’ence 3-3 equations 3-53 and 3-33, respectively. 


Equations 3-35 and 3-36 are modifications of empirically derived expressions from 
industrial applications for which vapor dispersal in liquid is essential to achieving a 
high rate of heat and mass transfer. This subject has been extensively studied and 
much of the work has been collected and summarized in Reference 3-4. The empirical- 
ly derived expressions were applied to the refueling process by replacing the 
mechanical mixer power term, employed for industrial applications, with an equivalent 
fluid power expression, mv^. This conversion was accomplished with the following 
relationships: 

Fluid Power = Mixer Power Output 


Mixer Power Output = Efficiency x Mixer Power Input 


. 2 

mv 


40 Percent x Mixer Power Input 


where 40 percent efficiency represents a conservative value. 

The heat transfer rate between an individual bubble and the liquid bulk can be express- 
ed as 




ird‘ 


V, 


B 


V, 


B 


( Jr/6) d 




6h (T^ - Tj^) 


(3-37) 
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where 



= heat transfer rate from each bubble 
= bubble volume 
= bubble vapor temperature 
= liquid bulk temperature 


Total heat transfer rate from the total dispersed vapor volume can be 
Equation 3-37 by introducing the total number of vapor bubbles, n, 


determined from 


(3-38) 


where h and d 



are determined from Equations 3-35 and 3-36, respectively, and 
— total heat transfer rate from the entrained vapor 
= total vapor volume entrained in liquid 


Equations 3-3o, 3-36 and 3-38 were added to the HYPRES program to provide cap- 
ability for evaluating tank fill conditions during the vapor-bubble dominance mode. A 
series of computer runs were conducted to evaluate this mechanism. Results are 
^ven m Fibres 3-32 through 3-34 which are. respectively, a continuation of Figures 
3-28 through 3-30. A transition from liquid spray heat exchange to vapor-bubble heat 
exchange was imposed at the 70 percent propellant fill level. A sudden pressure drop 
occurred coincident witli this heat exchange transition. This pressure drop was 

"““■-‘henna' oqulllbrlun 


The curves of Figures 3-32 through 3-34 require clarification, especially following ihe 
transition to vapor-hubble heat exchange mechanism. First, there Is no indicated iank 
pressure change due to variations in spray droplet diameter or PACK factor This 
oc^rs because heat exchange will be influenced only by entering flowrate, velocity 
an entrained vapor volume, E , and these quantities are identical for each case 
plotted in Figures 3-32 and 3-33. 

following the transition in heat exchange mechanism. For these conditions, howevjr, 
com^nsating factors may influence tank pressures: a) the high flowrate condition 
requires a high liquid-ullage heat exdiange rale in order to mainlain low prc.s,suros. 
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•32. Influence of Vapor Bubble Heat Exchange Mechanism Upon Hydrogen 
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B’igure 3-33. Influence of Vapor-Bubble Heat Exchange Mechanism Upon Hydrogen 
Tank Fill Pressures for Range of Liquid Spray Volume 


3-46 


^ 150 


w 

a 


( 20 ) 


PHOPKLLANT 
FLOW HATH 
kfi/soc (Ib/sec) 
2. 72 (6. 0) 

I 0.68 (1.5) 


eg 


ta 

« 

W 

C/D 

w 

« 



: transition from spray 
DOMINA'TION model to 
bubble domination modei. 


^^'’loo 


( 10 ) 


NOTE: 


■' 1 : - 4 -- 

THIS HGURE IS A CONTINUATION 
OF nCURE 3-30. 


50 


60 70 80 

PERCENT TANK FILL 


90 


100 


Figure 3-34. Influence of Vapor Bubble Heat Exchange Mechanism Upon 

Hydrogen Tank Fill Pressures for Range of Tanking Flow Rales 

and b) the high flowrate condition creates a high heat transfer coefficient, which 
sei-ves to maintain low pressures. 'I’he negligible difference in tanking pr isure 
indicates tliat the above factors were, in fact, compensating, or that the heat exchange 
mechanism is sufficient to assure near-thermal equilibrium conditions. The latter 
condition is a more likely possibility. 

Results of this analysis supports the assertion, stated earlier, that heat and mass 
exchange due to vapor bubble entrainment and dispersal within the liquid volume will 
dominate. More important is the likelihood that this is the only mechanism that 
will influence tank pressure towards the completion of tank fill. Furthermore, it 
appears that heat and mass e.xchange rates will be of such a high magnitude that’ near 
theiTOal equilibrium conditions will be maintained over a broad range of entering 
liquid flowrates and velocities. This is a significant conclusion because the thermal 
equilibrium parametric data of Fig-ures 3-24 through 3-2(i can be enqdoyed to luedict 
tank pressure conditions at fill (or refill) completion. 

^ Supply tank influence. All analyses to date have been based on the 
assumption that propellant enters the receiver tank at a constant temperature. This 
temperature corresponds to a vapor pivssure of 103. 4 kN/m“ (15 psia). In fact, 
entering liquid vapor pressure (and tempe.ature) will vary throughout the refueling 
process because of the supply tank pressurization meth«l. Helium pressurization of the 
supply tank during propellant transfer was selected bc'cause it appears to have fewer 
complications than other approaches. 
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^ propellant to effect boiloff, which aids in pressurization 

Figures 3 L'rnd% 36 h Tv!^ propellant transfer. 

gures 3_-3 o and 3-36 show the resulting supply tank propellant temperatures and vapor 
pressure histones during outflow. 

JnTJr receiver tank pressure histories for the constant temperature 

temperature conditions. Note that for the variable supply tank conditions 
e tank pressure rise-rates are not as great as for the constan* temperature case 
Furthermore tank pressure begins to decay after the receiver tank is 40 percent 
filled, whereas pressure continues rising for the other case. This behavior can be 
explained by referring to Figure 3-24. which shows that final vapor pressure is a 
functmn of entering liquid vapor pressure. Since the average entering vapor pressure 

Towe? conditions, final vapor pressure must also be 

b^^eu^re 3""3 VTh' ‘decreasing pressures indicated 

y Figure 3-37; the heat of compression caused by propellant fill, and the steadily de- 

e sing en a py of entering propellant. The heat of compression causes tank pressure 
to rise continuously, as indicated by the constant incoming temperature case. The 
second factor is re^sponsible for pressure decay, as the lower temperature incoming 
liquid mixes with the propellant bulk. Evidently, the heat of compression is the 

greater influence during the early stages of fill, and the lower temperature liquid is 
dominant beyond the 40 percent fill condition. ^ 

It should also be emphasized that a single orbi ter- tanker mission will not refuel the 
POTV propellant tanks. The Reference 3-1 s tudy was based upon an orbiter payload 
capability of 45^360 kg (100.000 lb), which translates to a liquid hydrogen supply tank 
o ume o m (2720 ft-*). This system is capable of refueling the POTV fuel tank 
to the 66. 4 percent level, as indicated by Table 3-9. .he liquid oxygen tank would 
also be filled to the same level. As Figure 3-2 indicated, a second tanker flight 
woud refuel the second POTV stage, followed by a third flight which would top off 
Doth stages and deliver the crew module. 

^ -^lernative refill concept. An alternative concept of oi>-orbit refuelling was 
evaluated during the study. This concept.which requires introducing propellants 
through a diffusor to achieve extremely low entering velocities, is a major departure 
from the selected technique of a high velocity liquid spray. This alternative was 
^sed upon the premise that large quantities of liquid would enter the propellant tank 
^fore striking the opposite tank wall. The resulting boiloff would not create a high 
tank pressure because the propellant bulk would mix with vapor and maintain a ’ow 
pressure. In assessing the spray nozzle versus inlet dlfftiser configurations the follow- 
ing minimum set of requirements were considered: 


1. Avoid excessive tknk pressures throughout the prechill and fill processes 
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n 



ULLAGE VOLUME, PERCENT DY TANK VOLUME 

Figure 3-35. Supply Tank Liquid Tempo raturo During POTV 
Refill 



ULLAGE VOLUME, PERCENT BY TANK VOLUME 

Figure 3-36. Supply Tank Liquid Vapor Pressure During 
TOTV Refill 


SUPPLY TANK 



Figure 3-37. Supply tank LH 2 temperature influence upon POTV 
tank pressure during refill. 


Table 3-9. Supply tank conditions during LH tank POTV refill. 

2 


Initial liquid vapor pressure 
Initial liquid temperature 
aipply tank volume 
Initial ullage volume 
Unusable liquid residual 
Usable liquid residual* 


“ 103.4 kN/m^ (15 psia) 
« 20.3 K <36.6*R) 

» 77 (2720 ft^> 

**3.? percent 
= 2 percent 
= 72. 7 m3 (2570 tt3) 


* This is 66.4% of POTV I.H 2 tank volume. 
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2. Minimize vent mass requirements 

3. If venting is necessary, avoid two-phase venting 

With regaid to the LO 2 tank, any tank .nlet configuration will be satisfactory. Venting 
will not be required during prechill; therefore, two phase venting is not a pos- 
sibility, The only question that may arise is that of excessive tank pressui'e during 
the fill if,-ocess. It is obvious from Figure 3—25 that moderately low pressure will 
exist for near— thermal equilibrium conditions. But these conditions will occur only 
if sufficient fluid turbulence is present to enhance heat and mass exchange between 
the phases. Fluid turbulence is more likely to occur with a spray nozzle than with an 
inlet diffuser, whose primary function is to introduce liquid into the tank at extremely 
low velocities. Thus, a spray nozzle inlet configui ation would appear to best satisfy 
the LO 2 tank fill requirements, 

A spray nozzle inlet configuration for the LH 2 tank will result in venting during the pre- 
chill process, as indicated by Figure 3-15, This is so because the spray velocity 
conditions will create a high heat and mass exchange environment between hydrogen 
vapoi or liquid and the tank walls. However, two-phase venting will be avoided because 
liquid will not be present m the tank when venting is initiated Once tank fill is initiated, 
the spray nozzles will create the turbulent fluid conditions that are beneficial to main- 
taining low pres,.ures during fill. 

The affect of an inlet diffuser upon hydrogen tank pressure during prechill is not quite 
so clear. Ideally, a low velocity diffuser will allow large quantities of propellant to bo 
introduced into the tank btifore the leading edge (, a lar,je-diamelcr jet impinges at the 
opposite end of the tank. It lias been hypothesized that a large propellant mass will 
serve to quench the pressuro-rire that occurs due t( liquid impingement upon the hot 
walls, Hov/ever, the propellant mass can only be effective if sufficient heat exchange 
occurs with the vapor. Such conditions may not exist because of the deliberately low velo- 
city of entering liquid. Thus, it is pcss.Me that an inlet difhuser configuration 
may not be able to satisfy the conflicting requirements of both a low velocity, (to assure a 
large propellant mass in the tank), and a high veh city((o provide effective quenching 
by that liquid mass). Should '.'epting be required because insufficient heat exchange 
between liquid and vapor, liquid may be lost oveiboard in the process. 

Once tank all is initiated, the spray nozzle will be preferable to an inlet diffuser be- 
cause of the i arbulent condit’ons that will seiwo to maintain low pi'cssure 


The choice is between a spray nozzle, which will result in venting during prechill, el- 
an inlet diffuser,which may not require venting, but should it occur, could result in 
liquid lest overboard. The spray nozzle configuration was selected because prechill 
losses with ^his concept will be insig-nificant compared to other losses (Table 3-5). 
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3,3. 5 MECHANICAL MIXERS TO ASSIST PROPELLANT REFILL. The tank fill 
analysis ot Section 3. 3.3. 2 descr ibed hov/ (he key lo a successful refill operation 
would be the turbulent environment created by the entering fluid. 

Work done on the ullage mass during propelhuit tiainsfer will be convected to the 
liquid via the heat exchange mechanism set up by fluid turbuloice. If, however, the 
turbulent heat triuisfer rates should be inadequate, propellant transfer would have to be 
internrpted, in ox’der to prevent the continuation of a high pressure rise rate. It is 
possible that a long time duration would then be required to effect a pressure reduction 
and to approch near-equilibrium conditions. This delay would occur because flow 

termination would also reduce the ullage- to-liquid heat transfer process. The con- 
se(}uence of an inadequate fluid turbulent environment could be an undesirably long 
lanlv fill process, caused by numerous flow intenuptions. 

Analyses to date indicate that near- the i*mal equilibrium conditions can be achieved for 
a wide range of tanking flowrates. Nevertheless, a backup position should be available 
in the event that of an excessive tank pressure increase, lire solution would be to use 
a mechanical mixer to provide the additional fluid turbulence needed to achieve near- 
equilibrium conditions. Mixers will already exist since they are an integral part of 
the zero-g vent system required for each propellant rank. 

3. 3. 5. 1 Mixer power relationship to liquid-ullage heat exchange . The heat exchange 
mechanism that will exist during periods of mixer operation is that of vapor-bubble 
dominance described in Section 3. 3.3.2. Equations 3-35 and 3-36 apply, except 
that the original expressions from Reference 3-G were employed. That is, the equations 
included an input power term rather the fluid power term. 

Figures 3-38 and 3-39 give ullage- to- liquid heating rates for hydrogen tnd oxygen as 
a function of mixer power, percent liquid fill, and vapor hold-up (i.e. , the percent 
vapor entrained in liquid). Referring to Figure 3-31, it is seen that the required heating 
l ate can be achieved for a power input of less than 4 watts. Note that input power 
requii ements to achieve a gdven heating rate are a strong function of vapor hold-up 
:md a veiy weak function of the percent liquid fill condition. According to Figures 
3-10 and 3-41, vapor bubbles generated within the OTV propellant tanks by a mixer 
(or its equivalent in fluid power) are a function of fluid power for power levels less 
than about 12 watts. 

The mixer power requirements identified by I’igures 3-38 and 3-39 are within i 
range currently being considered for zero-g vent sj^stenr mixers. Consequemly this 
propellant transfer assist will be available without expending additional resources. 

3. 3. 5. 2 Mi xer power/fluid power equivalence. Analyses to date it.c.udo an implied 
assumption that tank fill durations will be selected on the basis of heat and mass 
tiansfer considerations. That is, spray nozzle, flowrate, and velocity solutions 
will Ik? made to assure thermal equilibrium thnmghout tank fill. It is possible, 
however, (hat flowi'ate constraints may be imposed by other factors. For example, fluid 
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Figure 3-38. Mixer power influence upon entrained vapor-to-liquid 
hydrogen heat transfer rate. 
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Figure 3-39. Mixer power influence upon entrained vapor-tc-liquid 
oxygen heat transfer rate. 
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Figure 3-41. Mixer power infliuMiee upon oxygen bubble diameter during tarJ: fill. 
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loads acting on the transfer lines and/or propellant tanks may preclude tank fill 
durations of less than five or six hours. It might not be possible to maintain low tanking 
pressures at these lower flowrate without oontiu. >us mixer power assist. For this circum- 
stance the required fluid turbulence would be provided with a combination of fluid 
power and mixer power. This combination could be selected from curves similar to 
those given in Figures 3-42 and 3-43. An example of how these figures can be applied 
is given below: 

1. Assumptions 

• The fluid power equivalence of 15 watts mixer power is required during 
tanking to maintain near- equilibrium conditions. 

. Other considerations require that tanji fill be performed in six hours 
using a 6. 35 cm (2. 5 inch) diameter equivalent nozzle inlet. 

2. LH 2 Tank Solution 

• Fluid power = 2. 75 watts 

• Mixer Power = 15.00 - 2.75 = 12.25 watts required 

3. LO 2 Tank Solution 

• Fluid power = 1. 75 watts 

• Mixer power = 15. 00 - 1. 75 = 13. 25 watts required. 

3.3.6 START BASKET REFILL. If propellant screen acquisition devices (start baskets) 
are included as POTV subsystems, an additional complication must be addressed in 
selecting an on-orbit refill concept, that of completely refilling the start baskets with- 
out trapping vapor. Vapor entrapment is unacceptable because pure liquid flow from 
the start basket is normally required, and cannot be guaranteed unless the screen 
device is free of vapor. Vapor will be present at some time within the start basket 
regardless of the method of propellant fill. Any trapped vapor bubbles must subsequent - 
ly be condensed by using pressurant. The type of pressurant can either be helium 
(non- condensible) or vaporized propellant (condensible). The question of trapped 
helium bubbles will be discussed in Section 3. 3. 6. 3. 

Two methods of vapor bubble collapse were evaluated; passive and active. In each case 
the propellant tajik will be pressurized to sub-cool the liquid surrounding the entrapped 
vapor, so that vapor condensation will occur. The passive method assumes that con- 
duction heat transfer is the only mechanism that exists to cool and subsequently condense 
the vapor. The active method relies upon for ced convection heat transfer to condense 
the entrapped vapor. An evaluation of each method follows. 

3. 3. 6. 1 Passive method of bubble collapse . Start basket designs, generated for 
POTV during the Reference 3-2 study, were analyzed to determine if vapor-free refill 
would be possible. A sketch and start-basket-dimensions are given in Figure 3-44 and 
Table 3-10. A very conservative assumption was made for this analysis. 

The start basket would be filled with a single large bubble at the end of the on-orbit 
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DURATION, hours ^ FILL DURATION, hours 


OTV LH 2 TANK VOLUiME ^ 

116 (4100 ft3) 

ASSUMED MIXER EFFICIENCY - 40^f 
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Dia. , cm (in) 


35 (2. 5) 


7.62 (3.0) 

8.89 (3.5) 


10.16 (4.0) 


MIXER POWER, watts 

igure 3-42. Fluid Power Input Equivalence to Mixer Power During 
OTV LHo Tank Fill 
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iiviaiL a;;- OTV LO 2 TANK VOLUME - 39.6 m3 (1400 ft3) 

^ :i:i ASSUMED ^^XER EFFICIENCY = 40®J. ^ 







Transfer Line 
Nozzle Inlet 
Dia. , cm (in) 

• 6.35 (2.5) L 

; 7.62 (3.0) ;• 


3. 89 

(3.5) 

10. 16 

(4* 0) 


MIXER POWER, watts 

igiii'e 3-43. I'luid I’ower Input Ikiuivalenee to Mixer Power During 
OTV I.Oo T;uik Fill 










ALL CHANNELS END AT PLANE SEE TABLE 3-10 FOR SPEQFIC 

OF ELLIPTICAL SECTION VEHICLE TANK DIMENSIONS. 


Figure 3-44. Start basket schematic. 


Table 3-10. POTV start basket characteristics. 



LH Tank 
2 

LO^ Tank 

A. Radius, cm (in) 

142.2(56.0) 

85. j (33. 5) 

B. Standpipe height, cm (in. ) 

11.9 (4.7) 

4.6 (1.8) 

C. Cone height, cm (in. ) 

16. 5 (6. 5) 

9.9 (3.9) 

D. Ellipsoidal height, cm (in. ) 

42. 2 (16.6) 

17.5 (6.9) 

E. Basket volume, (ft^) 

1,92 (67.8) 

0.34 (11.9) 
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refill opcrr-tion. The largest spherical bubble that can be trapped within each screen 
device was computed to be about 0, 61 m (2 ft) and 0. 3 m (1 ft). An analysis was 
conducted to determine the time for each bubble to collapse. 

Bubble condensation times wei’e determined using bubble collapse equations described 
in ileference 3-3. Computer output results are given in Figure 3-45 and 3-46 for 
hydrogen and oxygen, respectively. The oxygen bubble will collapse in about 5 minutes 
if it is subcooled by about 20. 7 kN/m2 (3 psid), which is an acceptable maximum 
helium partial pressure during refill. The hydrogen bubble will require about three to 
four hours to collapse at the same degr ee of subcooling, which may be an unacceptably 
long duration. These calculated collapse times should be greater than actual collapse 
times because of the conservatively large bubble sizes selected. It should also be 
mentioned that the bubble collapse predictions are subject to added uncertainty because 
the analyticiJ model was developed for small diameter bubbles. 

3. 3. 6. 2 Active method of bubble collapse If vapor-bubble collapse times which use 
the passive method are excessive, an alternative is to use an active method to greatly 
decrease bubble collapse times. This method requires that propellant be sprayed 
into the start basket during tank fill. The fluid agitation induced by entering propellant 
will create a high heat exchange mechanism equivalent to that occurring outside the 
start basket during propellant fill. Furthermore, this turbulent fluid condition will 
serve to create small vapor bubbles which will greatly enhance the condensation 
process. 


A model has been developed to determine the conditions under which the condensation 
of all propellant vapor within a start basket will occur. The model is based upon the 
following assumptions: 


1. Liquid inflow velocity and flowrate are known. 

2. Only liquid will exit the start basket; vapor is removed only by 
condensation. 


3. Liquid enters the basket at a constant temperature. 

4. Vapor trapped within .he basket is in spherical bubble fonn (Figure 3-47). 
Thus, this model is valid only for vapor volume conditions of about 40 
percent or less by basket volume. 


5. Bubble diameter is obtained from equation 3-36, 


d = 


, 0.6 0.5 

1. 134 <j e 

^0.2^ 2,„ ,0.4 

y (mv /Vj ) 


+ . 09 
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Figure 3-47. Active Me«.nod for Start Basket Bubble Collapse 
where 

d = bubble diameter, cm 

or = surface tension, dyne/cm 

e = entrained vapor volume to basket volume ratio 

y = liquid specific gravity 

V = (1 - € ) V = liqu’d volume within basket 

Xj 1 

= bu. 'ket volume 

Substituting (1 - € ) V for V gives, 

X Lj 


. _ 1. 134 (T* ^ (1 - € ) ‘^ 

.2 . 2,„ , .4 
y (mv /V^) 


+ .09 


(3-39) 


Figures 3-48 and 3-49 give plots of hydrogen and oxygen bubble diameter as 
as a function of mv^/V^ and € . 


6. Bubble condensation rates are extremely high for the small bubble diameters 
anticipated (see Figures 3-50 and 3-51). Consequently, it is expected that 
liquid within the basket will rapidly saturate at tank pressure due to absorbing 
the heat of condensation. 


7. All liquid leaving the basket will exit saturated at tank pressure. 

8. Vapor bubble pressure = tank pressure throughout tank fill. 


An anali^cal model that includes the above list of assumptions is given below; 
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Bubble Diameter 



Figure 3-48. Hydrogen Vapor Bubble Diameter During Start Basket Refill 





AP, kN/m^ ^psld) 


Figure 3-50. Maximum Allowable Bubble Diameter lor Condeuslug Hydrogen Vapor in 
Start Basket During POTV Pix^pellant Tank Fill 



i!iP, kN/m^ (psid) 

ngure 3-51. Maximum Allowable Bubble Diameter for Condensing Oxvgen Vapor in 
Start Basket Duilng POTV Propellant Tank Fill 



First Law 


+(mu) - (mu) - (mu) = h. Am - h Am 

2V IL Iv I I () o 

where 


m 

u 

h 

1 

h 

o 

Am. 

1 

Am 

c 

subscript 

2 

1 

L 

V 


= mass 

= internal energy 

= enthalpy of entoriitg liquid mass increment 
= enthalpy of exiting liquid mass increment 
= liquid mass increment entering tank in time, 
= liquid mass increment leaving tank in time, 


= conditions at end of inleiwal 
= conditions at start of interval 
= liquid 
= vapor 


Now, u 

2v 


Also, 


The refore. 


^Iv ~ ^v saturated at tank pressure, assumption 8) 

= u =u (assumption G) 

X i-J 


(m - m ) u + (m - m ) u = h. Am. - h Am 
^ ILL 2 1 V V 1 1 o o 

From continuity, ml. + in + Am =m +m + Am 

1 Iv 1 2L 2v o 

or, m„„, - m^.„ = Am =Ami - Am 

2T IT BASKET o 


where m 


T 

“^"^ASKET ~ P^'opellant mass increment accumulated in start basket 


Adding and subtracting m^u^^ and to equation 3-41 results in, 

(m - m ) u + (m - m ) u -= h. Am. - Am 
21 ITL 2v Ivev i I o o 

where 
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ev 


= (Ug-V 


Bui, 


*” 2T - 
iD^/p ^)-l 
Therefore, equation (3—45) becomes 


ir> ^ - m = - 
2v Iv 


(3-46) 
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ev 


/ / 1 1 = Am, 

(pi/p ) - 1 




Am^ 


aibstituting equation (3-43) into (3-17) gives. 
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( Amj - Am^) (u^^ " (p ^ /p _1 ) - hj A mj - ho AoIq 

Rearranging terms and solving for An^o/ Amj we have. 


Amp r 
Ami = 


ev 


L (jO,/p '-] 
L g 


]/[ho -u I — ^ 1 

y L v),/p )-iJ 


However, frcm eq. itioo (3-43' we can show that 


^^BASKET 
A mi 

^°^ASKET 
A m. 


= 1 


A nip 

A nii 


or. 


= 1- [h,-u^^ 


ev 


(P, /p ) - 1 
L g 



ho - u 
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witMn thP^ t 'T fraction ot entering propellant that will accumulate 

A^ant nr ‘Wn as a function of the differential pressure term 

AP (tankipressure minus entering liquid vapor pressure). These tu.-ves indicate that 
an increasing fraction of entering liquid remains in the baski as AP increases A„‘ 
ncrease in AP is equivalent to liquid entering the basket m eooler tempo li^Jiire; wLh 
increases Its heat absorbing capability. 'I'his in turn will increase the rate of vapor 
condensation, and subsequent liquid accumulation within the basket. 

According tc Fipire 3-52, 100^? of LO entering the basket will remain within the baske 
.f the cnteruig liquid is .subcoolod by about 6. H kN/ni2 (i. o psid). o ^ g.-, .a e7 1 Ir thTs 

P etion ..Figure 3 .j). A emiseivative. ami rneferred. appnKieh would be to provult 
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Am[ 


mass fraction of entering liquid which 
remains in start basket 


m = mo/(AmBMmi) 


ntc = maximum basket liquid mass 
tank fill duration 


m = selected start basket flowrate 



AP, kN/m2 (psid) 


Figure 3-52, Influence of liquid subcooiing upon start basket refill flow parameters. 


a greater basket flowrate (m ) to assure basket refill even at AP's less than 0. 9 kN/m^ 
(1.0 psid). As a first approximation it is suggested that m = 3 m . It is seen from 
the curve that ♦he basket will completely refill for Uiis flow eondition at AP's greater 
than 1. 7 kN/m^ (0. 25 psid). 

H3idrogen properties are such tha a considerably greater AP is required to accumulate 
the same fraction of LH 2 entering a basket than if LO 2 was entering a basket. I’his is 
illustrated by the hydrogen curve of Figure 3-52, which shows that about 40 kN/m“ 

(5.7 psid) is needed for all entering liquid to remain within the basket. If, as above, 
we select m = 3 m , then basket refill will occur for a AP greater than 10 kN/m^ 

) 
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, kg/sec (Ib/sec) 


(1.4 psid). Ihis condition shtuild be satisfied sinct' Figui’e 3-24 sh<ws that final 
LIlo eijuilibrium tank pressure for I’O'l'V will bi' about 21 kN/in^ (3 psid) greater thiui 
entering LHo for initial tank wall temperatures less than 200K (3(>0°H). The degree of 
liquid subcooling will be evi>n greater if non-thei-mal equilibrnim conditions occur 
ituring tank fill. 


The jibove luialysis has indicated that liquid inilow to a start basket is a feasible means 
of providing basket refill during the iiropellant tanli fill process. A consei-vative 
tbernuxlynamic mechanism has been analyzed which indicates that a reasonable range 
of propellant inflow rates will provide basket l efill for R'tTV. In fact, a flowrate of 

m = 3 m^^ should result in a completely filled start basket at the end of propellant tsmk 
fill. 

3.3.G.3 Summary . Hie liquid-oxygen tank start basket will lx? vapor free within one- 
half hour after being pressurized by 20. 7 kN/m“ (3 [?sid). Ibis same passive approach 
may require a considerably longer time for the liquid hydrogen tank. An alternative 
active-method was considered for the hydrogen tank in t)rder to reduce the time required 
to condense all vapor, nus condition will lx? satisfied at the end of projxdlant tank fill 
if hydrogen flows into the start basket at three times the rate indicated by Figure 3-53. 
rhis method requires the additional complicativ>n i>l a small diameter line plumlx?d 
between the main till duct and the start basket. A preliminary design sketch of this 
set-up is given ii\ taction 3.4. 



Hgun? 3-53. Pivp‘?ll:mt Flowiate llequired to I'ill wStail Basket During 
Tank I'ill (^ptM'alions 


3.4 (MUU'l'AI. !'U<.iPKl,LANT TANKlNCi OPKHA'HONS 

The in^xicL ol llio on-oi*l)ii relill upon voliiclc design is described in tliis section. ( 
ceptual desij;i. inodilieutions are presented which depict propellant tank, transter line 
and helium system modifications, A detailed discussion of an on-orbit refill in-oeeduret 
is given, including hi'w the procedures are influenced by the presence of helium and <n* 
s tfl rt b«i s ko I . 


3.4. 1 CX^NtM P l'l' \I, DKSlt'.N MODIFICA’IIONS FOH ON-OUBIT HFFILL. I he 
analyses of Si ciion 3 have established requi l ements for achieving PO'i'\' on-oibit refill 
from an orlv.ter- tanki'r. Hoquirements which affect the vehicle design include; 

a. A fluid spray ciivuit through which propellants arc introduced into (lie pro- 
pellant tanks. 

b. A bleed line to route to the start basket during refill. 

c. A non-imipulsive vent system through which propellant v;jpor is vented during 
tank blowdown. 


Ihese and (Uher plumbing modifications are depicted in Section 3.4. 1. L St'ction 
3.4. 1.2 and 3. 1. 1. 3 includes sketches of recommended transfer line designs and a 
nuHlulari zed helium pressn ri/.ation system. 

Figures 3-34 and 3- .35 show some tankage 

system arrangeutents foi a two stage l\)TV. Propellant refill is aeeomplislu'd from 
the shuttle, therefore, the reaching eapability of the transfer lines is limited to the 
length of Ihe Kmnoie Mampulating .system (HMS). We have the choice of J) lea. ling each 
sUige sopa.ratelv, iollowt'd by interstage attachment maneuvers, 2) having the stages 
initially intereonnectetl and equipped with e.xternal plumbing kits or 31 adding a nu'tor 
driven hinge system ai the I'O J'V separation plane si> that the vehicle can be "jack 
knifed" to within reach ol the UMS. U. is assumed that each stage will be tanked separately, 
thus avoiding the crossing of the separation plane with propellant ducts. I'he systems 
shown are common to each stage and include propellant fill circuits vent systems and 
acquisition devices for tioth the fuel and oxidizer tanks. 

The ftvel tank fill circuit starts at the skin lino of the POTV body stiuelure with dis- 
connect ass('mbly containing an internal poppet closure, a static seal interface, and a 
cone section whic-h serves as ;m alignment tool and a structural tittachment with the 
mating half. A th'xible duet section is routed from the disconnect to a fuel tank inlet 
fitting. Ihe du<M mati'rial is Cres and incoriiorates three a.xially restrained fh'x 
joints which penuits length and angular changes between the duel ends. 

The tank inlet fitting is equipped with a flange (inside the tank) for rei-eiving a distri- 
bution duct, and a boss for attaching a 3/Finch bleed line. The disii ibution duel runs 
along Ihe cylindrical section of tank and is equipped with two <nitlels containing spray 
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Figure 3-54. POTV Tankage Systems 



Figure 3-55. POTV Tankage Systems 


nozzles. Two nozzles are shown In Figure 3-54. Although it Is not possible to analytically 

dete^ne how many nozzles will be required to assure adeouate fluid mixing, it Is believed 
that two or three nozzles will be satisfactory. ^ oeiievea 

V4-lnch bleed line will direct LH, into the start basket to assure that all 
imbally trapped vapor will be condensed by the complebon of propellant fill. 

The fill system for to o^dlzer tank is basically the same as that for to fuel tank except 
e internal diatribnllon duct has been replaced with a short tapered duct section cquip- 
M with a spray nozzle at to end. A bleed line to to acquisition device Is not shown 
because calculations indicate that all vapor Initially trapped within the basket will be 
condensed without resorting to liquid spray inflow. 

Vent systems for both the fuel and oxidizer tanks consist of one vent valve located 
outside to bu* w^l. a non-propulsive vent duct, a thermodynamic vent system mounted 
off to forward bulkhead inside to tank, and a small vent tube for the thermodynamic 
vent system. The non-propulsive vent duct is routed from the vent valve to two points 
at the skin line ^ spaced ISO- apart. The thermodynamic vent tube is supported from 
the vent duct and terminates near the duct ends. 

3. 4. 1 2 line design. The transfer system is basically two separate circuits 

(one for LOg and one for LHg) running from the POTV loading point back through to the 
orbiter ^pply tanks. Each circuit has a movable transfer line section connected to a 
fixed tank outlet line. The basic plumbing material is 304L cres. 

Each movable transfer line consists of two sections interconnected with a tangential 
rotery joi^. The forward section is equipped with a disconnect system for connecting 
to the POTV. The lines are deployed by the Shuttle RMS which engages with the dis- 
connect valve. The transfer lines are supported at the base through tangential rotary 
joints attached to a support bridge forward of the fuel tank. In the stowed position 
the lines have additional support from the tank girth rings. Eiich line is also equipped 

with pneumatic tubes and electrical cables for actuating and monitoring the disconnect 
valve. 


A disconnect arrangement for the POTV side only is included in Figure 3-56 The 
disconnect is designed so that the task of the RMS is to position the mating half 
approximately within the alignment cone. This mating half (attached to the RMS) has 
latch systems for gross capture followed by "draw down" and final alignment. The 
RMS, therefore, does not react disconnect loads. The arrangement shown is passive 
and consists of a cone and a disconnect assembly equipped with an Internal spring loaded 
poppet and a flat external land for sealing with the mating half. The disconnect is 
^tached to the cone using a ball-socket type fitting which permits angular misalignments. 
The mating disconnect assembly has an electromechanical drive which positions a 

arrangement is shown in 

of the figure. The electromechanically driven assembly Is basically a short 
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Figure 3-5G. vehicle propellant disconnect arrangement. 

telescopic tube sealed externally with a bellows and actuated externally by three screw 
jack actuators or by a single threaded collar with a womi drive. GD/C has designed 
a liquid flourine tandem butterfly valve for zero spillage at separation using such 
techniques. For this application, thi^ telescopic section would have an internal poppet 
closure similar to that shown in Figure 3-5(). 

In summary, a typical connection starts with the RMS positioning the transfer line dis*- 
connect inside the cone. Angular, axial and lateral misalignments ai’e permitted at 
this time. The second step is to actuate the locking pawls on the transfer line disconnect 
to an inboard position which captures the flimge on the cone. This is a loose engagement 
only between cones. On the thi rd step the pawls are actuated parallel to the disconnect 
center line which pulls the Uvo cones together thus completing the structural connection. 
Fourth, the motorized disconnect carrying the external seal is actuated pressing the 
seal against the flat land. Llj)on further actuation, the poppet on the transfer line 
disconnect forces the poppet shown in the layout to an o\)cn position. Fluid transfer is 
now permitted. For disengagement, the ab(’ve steps are reversed. After fluid transfer 
both poppets arc closed before the external seal is disengaged from the flat land. Also 
the poppet interfaces are d('sigued for near zero spillage. 

A detailed discussion of the design and operation of a transfer line disconnect valve is 
given in Section 5. 4. 1, 

3* 4. 1.3 Helium system design. Space-based vehicles will require gaseous helium 
resupply during refueling operations. Owe method of resupply is by flowing helium 
from a storage tank (located \n the Shuttle payload bay) to the vehicle through a long 
transfer line. However, analyses indicate that helium bottle charge (Operations wcould 
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be lengthy if excessively high bottle temperatures are to be avoided. 

The transfer hne will have an electrical power cable attached to the line and per- 
manently connected to the disconnect system located at the end of the line. The" 

!!T mobility which in turn requires flex joints either in the form 

f braided hoses, swivel type joints with dynamic seals, or loop bends in the tubing. 

Sruse oThL^ '"''T" requirements, 

use of hoses, swivel joints and loop bends presents packaging and weight penalties 

faoft, otthi. transfer operation la ot concern becauaetn approalr : 

(GO ft hne preasurized to 34500 kN/n.2 (5000 pal,, will be easentially unsupported 
eacept at the orb.ter and at the vehicle. Consequently, an alternative method of 
resupply was selected. 

n pre-loaded modular helium bottles that 
ex ernally attached to the vehicle. A disconnect system capable of mating a 
structural attachment and a fluid connection with the vehicle is required with either 
approach. Several disconnects are required of the modular bottles, however as 
compared to only one for a transfer line. 


The orbiter remote manipulating system (RMS) will be employed to connect transfer 
hne or m^ular bottles to the vehicle. The RMS will place the disconnects reasonably 

close to the niating target. Pressure-area loads will be reacted only by the disconnect 
structure, and not by the RMS. ^ 

^e helium bottle modules shown in Figure 3-57 are intended for use on POTV's, 

COT\ s and VI L s sei-viced from the shuttle. Only the module station locations would 
be changed. Basically, the pre-loaded helium nitxiules are picked up with an RMS 

Tolte o?v syuTers'"™' ‘nlercomiecUng plumbing 

T Hi ® is a high pressure bottle 

^mpped with a tangential support skirt, a docking cone, a latching syLm, a shutoT 

™ive and a motor driven disconnect. Ute tangential skirt section has a tilting which 
^erfacea with the RMS. The only requirement in the case ot a Shuttle RMS LldZ 

OT *clll°thri.Th JTh': ‘ ‘h' Siuttle 

lor actuating the latch and disconnect systems. 

A typical transfer sequence consists of connecting an RMS to the helium module; placing 
he module loosely (wide tolerances) into a mating cone on the OTV; actuating the latches 
^an inboard position to insure a gross capture and finally moving the latches in an 
axial direction which completes the structural connection. With the structural con- 
v!mc 1« disconnect system is energized making a seal between module and 

onthe disconnnect contains the seals and the probe section 

the OTV is float mounted to compensate for misalignments. Since temperatures are 
basically ambient, the seal system consists of ”0" rings equipped with backup rings 

to prevent "blow out. " The seal design includes provisions for each replacement. 
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Figure 3-57. Modular Pressurization System. (Applicable to POTV, COTV and LTL 
Vehicle) 


3.4.2 ORBITAL PROPELLANT TANKING OP f- nATlONv: t 

dual stage POTV will require three shuttle ^ ot a 

of 45. 360 kgdoo. 000 lb). first Sh^Ie H i ^ T 

POTV stage. The secoiri Shuttle flight will tra^, i'' pro|)ellant to the second 

The third flight Will carry the I^I V ^ loL " «tage. 

two stages prior to mating ana launch. "^^f^cient propellants for topping the 

Refill operations will be influenced by type of POTV v,„h«„ .f 

the first or subsequent shuttle flight for the mission Th^'’ """"n 'whether it is 

evaluated befoto a detailed refuellttg proccdut e is p^sInSl! ' 

' e fe‘7uprt‘e'niTopo^^^^^^^^ ‘let will have 

(start basket) systems If helium is ' ^ - ^ Pi ussunzation and propellant acquisition 

vem. process win b^c Je cqXmdTeruso^ •»“ 

ant. The presence of propolhint tank start baskets . P"'®®®"''- 

commodate the requirement that the ser a ‘^®'i“"'® Pvneetiural changes to ac- 
ianking. Table 3-u ind“cls l-n . ! '’<’'“" 0 ® be vapor-free at the end of 

affected by these variables. It is'evH^"!^ f orbital refill process will be 
helium pressurant and no s'oirt b isket V'll ^fV vehicle having no 

ntost difficult combination :fr:' 

combtnatton presents a potentially serious eoncern that is add“reT™d'Lq'„J''‘' 

■™rettn'’“''‘'T“ «•" '-csttlt in helium 

serious concern because J) 'he smrt b'mket mZ b ^ Helium ettirapment is a 
properly during the OTV mis.sion and .s. , , .. ^ '’'‘P'*'~ncc t't order function 
vapor, cannot be removed by condons’iHoti Tl'Vh'''*!^'^ bcii™. unlike propellant 

of propellant tank blowdown modes siinil Perform a series 

negligible helium qutmtii'en'm::’ This ^ "bmre a-l,q, until a 

is best lerformed prior to orblterlrendezvtlus. l»-oeess ami 

“ne<l ‘o refill the‘tw‘o'‘ roTv‘sta^^^ I’roe ejurm Ihree shuUle flights will be 

wii. .» Identic., because each sC 

liquid residuals, tank vent, and tank prechill will la. th decision on how to handle 

will provide the remaining pro,Kl|ants to complete m .k nr of ‘t"'"^ 

will not be performed. It will only be necessarrto ch.ll h , ‘1’“ 

resuming the tank fill process iVonof , ^ ‘he transfer line prior to 

tor the third shuttle flight than tor the Hrsl'tw ** '’®‘'f“™®d differently 

it Is Ukely that vapor generated duriagchllldown wUI fiou mml'h 

Vapor generated during transfer line ehtliw r .. " ‘ “"'P''' PoPoHnat tanks, 

vented overboard rather than lalo the propellant“tanks! ** 
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Table 3-11. Subsystem Influence Upon Refill Procedures 



No Start Basket 

Start Basket 1 

Item 

No Helium 

Hfhum 

No He i aim 

Helium 1 

Liquid Residual 





• Dump liquid prior to rondo zvou.s 

No 

Yes 

Ni‘ 

Vl\S * 

Tank Vent 





• Tank T^^.mperature >200K (3C0H) 

Yes 

Vt'.s 

Yes 

Yes • 

0 Tank Temperature < 20oK (3t)0H) 

No 

Yes 

No 

Yes* 

Tank Prechill 





• Tank Temperature > 200K (36 OH) 

Yes 

Yes 

Yes 

Yes 

• Tank Temperature < 200K (360R) 

No 

No 

No 

No 

Tank Fill 





• Provide start basket bleed line 

N. A. 1 

N. A. 

Yes 

Yes 

• Pressurize tanks for start 

basket vapor collapse | 

N.A. 

1 

N.A. 

i 

Yes 

Yes 


•A potential concern is that helium may be trapped within ritart ba^ikct. Solution is 

discussed in Section 3.4*2. 1. 


3.4. 2. 3 Tank fill procedures . On-orbit tank fill/refill procedures will be influeneed 
by many variables including subsystem selection (see T;ible 3-11) and propellant (the 
oxygen tank requires no refill). It is not practical to piepare a table itemizing 
the individual procedural steps for each type of opcratii)ns. Rather, a fill ()rocedure 
has been developed for the most complieateii case, which includes: 

a) Propellant tanks, helium pressurization 

b) Start baskets 

c) Initial tank temperatures at 289 K (520R). 

A total propellant transfer operation of three hours was selected, 'I’able 3-12 shows 
that this transfer duration can be accomplished by over-lapping Lilo and LO.> ti ansfer 
operations. 

Table 3-12. Propellant Transfer Can be Accomplished Within Three Hours 

TIME - HRS 
0 12 3 

LH2 transfer 

VENT TANK 
TANK CHILLOOWN 
VENT TANK 
TANK CHILLOOWN 
VENT TANK 

LH2 transfer 

STORAGE OPERATIONS 

lo2 transfer 

VENT TANK 
L02 TRANSFER 
STORAGE OPERATIONS 
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I “'"olll’os tor orbilui flighls 1 and 2 arc given in Table 1-13 

n addition to the prochiU and ta* fill events, llie.se limelines include the transfer ' 

^e “(“■■itions of attaching, venting, lairging, disconnecting and reiui ning to ortiiter. 

1^2 ‘ranster operation.s are iniliated 49 mlnute,s i„l„ the I.Hj transfer operations This 
overlapping is regnired because a single Rht.S is employed J both propeS ta*s. 

ih?= ‘7"'*.'"' "■■<! determined tor Ihe lanli tilt condilions of Table 3-14 using 

LH section 3.3. LO 2 transfer timelines are estimates extrapolated from the 

LH 2 analysis. A toUil of 176 minutes is required lo complete propellant transfer. 

POTV Proliant transfer timelines tor orblter nighl 3 are given In Table 3-15. The 
primary difference between this flight and ihe earlier flights is that 1) the propedlant 
nks aie about 7o percent full, and 2) each propellant lank of each stage will be tilled 

rrwer ‘o 

transfer operations, ^ 

The procedures listed in Tables 3-13 and 3-1.5 do not include all fluid transfer operations 
required of on-orbit refill. It is likely that helium a.nd earth storable propellants I 

1 o" "1P»« nulds were Identified during the 

Orbital Propellant Handling and .Storage Syslems Definition Study, llcterence 3-1 

An evaluation of these operations indicated that transfer times of 162 minutes and •>'•>2 
minutes respectively, will be required tor the modular helium b-ottles and N. II 
s orage system reftU. Additional details .and assumptions related to the transfer 
Of helium and NoH^j are gh'cn in Reference 3-1. 

3. 4. 3 ZERO-G MASS GAUGING. One of the more serious problems with any propellant 
transfer process is to determine when to terminate tank fill. For the geosynchronous 
mission, each receiver tank must be filled to atout the 97<:; level. Tank overfill must be 
avoKted because of the potential for tank overpressure, but tank underfill could Jeopardize 
mis^on success. Estimating pro.iellant mass loaded with llow-meter measurements will 
not be sufficiently accurate. It is ex|)ected that a zero-g mas.s gauging device will be 
required. Uquid-ievel sensors will lx> useless in a low-g environment. Ixcause liquid and 
vapor wil be distributed throughout the tank. Vet some technique for accurately measur- 
ing propellant mass quantities in this environment is essential to on-orbit proixllant 
transfer, • 


-Current Mass Gauging Devices. Technology studies and development 
engineering nas previously been performed on the following mass gauging devices: 

1 . The TRW developed .system based on absorption of gamma radiaUon. 

2. Ihe General Nucleonics radiation absorption system using Krypton 80 
as the source. 


3. The Bendix system, which uses a radio frequency (RF) technique. 
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Table 3-13. Propellant transfer timeline (Flights 1 & 2). 


Event 

Elapsed Time 
(min) 

Cumulative Time 
(min) 

transfer 



Vent OTV LH2 tank 
Attach LH2 transfer line 

15 

8 

15 

Vent LH2 transfer line 

1 

23 

Close LH2 transfer line 


24 

Close LH2 tank 


24 

LH2 transfer and 

^(2) 

24 

thermal hold 

• > 

29 

Vent LH2 tank 

r(2) 


Close tank 

0 

34 

LH2 transfer and 

=(2) 

34 

thermal hold 

0 

39 

Vent LH2 tank 



Close vent 


44 

Transfer LH2 

Q A 

44 

Switch to topping rate 

yo 

10 

134 

Sense vapor flow in supply tank 


144 

Close valves 


144 

Vent LH2 transfer line 

2 

144 

Purge LH2 transfer line with He 

5 

147 

Close LH2 transfer line vent 


152 

Disconnect LH2 transfer line 

1 

152 

Purge LH2 transfer line with He 

2 

153 

Return LH2 transfer line to Orbiter 

8 

155 

transfer LO., 


163 

Attach LO2 transfer line 

7 

49 

V ent LO2 transfe r line 

1 

56 

Close LO2 transfer line vent 


57 

Hold 

9 

57 


Vent OTV LO2 tank 
Clo >e LO2 tank 
Transfer LO2 
Switch to topping rate 
Sense vapor flow in supply tank 
Close valves 
Hold 

Vent LO2 transfer line 
Purge LO2 transfer line with He 
Close LO2 transfer line vent 
Disconnect LO2 transfer line 
Purge LO, transfer line with He 
Return LO2 transfer line to Qrblter 8 

( 2 ) Tim!!!""’" conditions R»vt„ in Table 3-H. 

( 2 ) Timelines are estimates. 
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20 

60 

10 


8 

3 

3 

1 

■> 


r>9 

79 

79 

139 
1-19 
149 
149 
If. 7 
KJO 
16 f) 
lor. 
160 
lOS 

_LZ1L_ 




Table 3-14. 


LH 2 Propellant Transfer Flow Co nditions 
Operations 


Selected for POTV Refill 


Prechill^^^ 


LHg flowrate = . 45 kg/sec (1. 0 Ib/sec) 

LH 2 velocity = 3. 05 m/sec (10 ft/sec) 

Tank Fill^^^ 


LHg flowrate 
LH 2 velocity 

Topping 

LH 2 flowrate 
LH 2 velocity 


= . 91 kg/sec (2. 0 Ib/sec) 

= 6. 10 tn/sec (20 ft/sec) 


= . 45 kg/sec (1. 0 Ib/sec) 

= 3. 05 m/sec (10 ft/sec) 


PO-- Fig-re 3-21. 

ura ions of Tables 3-13 and 3-14 are acceptable per Figures 3-30 and 


3— 34. 


(3)T.Wing dutations of Tables 3-13 and 3-14 are acceptable per Figures 3- 


30 and 


The RF type, whose development was also undertaken by the National Bureau of Standards 

f ^ geometry and configuration sensitive. ’ 

The nucleonics type, developed by TRW and General Nucleonics, uses a radiation/ 

detector device and has an accuracy of about ±2%. Resistance to the operational ^ 
use ot this system has been reported because of the potential radiation hazard. If the 
r diation were not a problem the system could be a very viable approach. 

fo te verification remains 

that one of the ahn °ri ®°ale systems in a zero-gravity environment. Until such time 

all !i ^ ^ ® propellant transfer, a search for 

alternative methods should continue. 
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'lablc 3 ~ 15 . Propellant transfer timeline (Flight 3). 


Event 

Elapsed Time 
(min) 

Cumulative Time 
(min) 

I'KANSFER 


0 

Attach LH 2 transfer line to 2nd stage 

8 

8 

V"ent tnmsfer line 

1 

9 

Close transfer line vent 


Q 

Slow flow into transfer line 

1 

10 

Transfer LH 2 

25 

35 

Sense tank LH 2 mass 



Switch to topping rate 

10 

45 

Sense tank LH 9 mass 

— 

45 

Close LH 2 valves 



A 

Attach LH 2 transfer line to 1st stage 

8 


Transfer LHo 

25 

Oo 

Sense tank LH 2 mass 


78 

Switch to topping rate 

10 

78 

Sense tank LH 9 mass 


88 

Close LH‘> valves 


88 

Vent LH9 transfer line 

3 

88 

Purge LH 2 transfer line with He 

5 

91 

Close LH 2 transfer line vent 



9G 

Disconnect LH9 transfer line 

1 

90 

Purge LHo transfer line with He 

•j 

97 

1 

Return LH 2 transfer line to Orblter 

8 

1 99 

TRANSFER 


107 

^ 

— 

10 

Attach LO 2 transfer line to 2nd stage 

7 

17 

Vent transfer line 

1 

18 

Close transfer line vent 


18 

Slow flow Into transfer line 

1 

19 

Transfer LO 2 

15 

34 

Sense tank LO 2 mass 

— 

34 

Switch to *^^opping rate 

10 

44 

Sense tank LO 2 mass 


44 

Close LO 2 valves 

— 

44 

Hold 

11 


Attach LO 2 transfer line to 1st stage 

8 

(>3 

Transfer LO 2 

15 

78 

Sense tank LO 2 mass 



Switch to topping rate 

10 

1 0 

Sense t:mk LO 2 mass 


oO 

0 

Close LO 2 valves 

, 

OO 
0 0 

Hold 

13 

88 

Vent LO 2 transfer line 

3 

101 
1 04 

Purge LO 2 ti’ansfer line with He 

5 

109 

Close LO 2 transfer line vent 


109 

DisconiK'ct LO 2 transfer line 

3 

112 

Purge LO 2 transfer line 

2 

114 

Ri. turn LOr) transfer line to Orbitcr 

8 

122 


( 1 ) Timelines are based upon flow conditions of Table 3-14, 

( 2 ) Timelines are estimates. 
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3. 1.3. 1 Thenmulynamic Mass Gau^in^ . 'rhermody namic ina^^s j;:ui^in^ is an 
alU'nmtivo approach that may Ih' useful for orbital refuelling operations, 'rhis 
approach relies upon measuring the tank pressman inereast' ri'sultinj^- from a known 
helium mass introiluceii into a nearly full proptdlant tank, tillage volume caj\ be 
determined from these measurements in combination with a kiu>wleii^e of propellant 
temperature. 'The tankcil pri>pellant mass cai\ then be itetermined from tlu' product 
of calculated liquid volume aiul litiuid density. 'The following proceiiure, and its 
atleiuiant assumptions, is consideia'd reasonable for 7,ero-^ mass i;au^i!i^ operations 
(li^ lid hydrogen tanking is assumed, but the ap[>roach is also applicable to liciuid 
oxygen): 


1. Conduct tank prechill and fill as descrihtul in st'ction 3.2 and 3.3. 

• Rely upon a fli>\vmeter (assume tS‘\ acmiraiy) to pn)vide gross indications 
of propellant loading. 

• rerminate propellant transfer at an SS^\^ fill indicatiim. I'he actual tanked 
quantity will reside between ^0% and iUv; . 'Vhis will prevent the possibility 
of tank overfill. 


2. Turn on thermodynamic vent system (TVS) rnixiM' io achieve and maintain 
thermody muuic equilibrium , 

• . At equilibrium, vapor and liquiii reside at the same temperature, 'remperatun- 

can Ih' accurately iletermiiu'd from tank pressure. 

•> 

• Assuming a 2.1 UN, ir (0.2 psi) orror (>ii ahsi'luto prossinv pm'u^mvmont), 
the lompcratuiv t'rror will bo about 0.00 K (0.1 U), whioli is oquivalt'ul 

to a 0.;l‘,o error lor tank ooiuliticuis I'f 12S kN/m“ (20 psia). 

2. Initiato holiiim prossuri/.atton alter tank (uessiire lias slabili/.eil (i.e. (iressure 
rise rale ^ 0). Kinure 2-f)S depicts the aiilieipated pri'jiellaiit tank pressure 
and volume excursions during; this period. 

• Measure l\, alter tank luvssure has stahili/ed 

He., ' 

•1. Ullapie volume determined from Equation td Stato ealeulations 


• V - (z^n Mix'!') / l\, 

u 1 . l te 


(2- hi) 


2- HO 


a. 






TERMINATE PROPELLANT 
TRANSFER ACTIVE TVS 





L* X. 

^ < 

w „ H 

c; 1-4 

fl, u.' w 
^ ^ 
r s s 

^ ►—< J-M 

•-! K-; a. 


c: H 

W o H 


Q < S 

U4 Q 

cc Q 

P; < 

w 


cr; ^ 

u: 


“V; W UJ 

cc cx 

y 0, 


(/^ K c::; 

LjJ H-1 

c: U4 w 

P. X K 


W (X 
Uj Q pH 


CvJ ^ rH CM 

uww^^kJ 
a a; s K S' 

'CL,OH<iPHPia,>><! 


m 
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Fif^^re 3-o^. Propellarii Tank Conditions for Thennodjnamic Mas 
Gauging Operations 


where: 


Vy - ullage volume 

Am = helium mass addition 
R ~ helium gas constant 
- liquid temperature 


• Ihe inaccuracy of the ullage volume calculation can be determined with the 
following error analysis on (3-51): 


6V 


u. 


6 Am 
Am 


6T, 


ftp 


HE 


HE„ 


(3-52) 


By taking a root- simi- square (RSS) of the above variables (which is the accepted 
approach), we have 



(3-53) 


where: 


6A>^^ 

A>» 


i7% (assumed helium mass flow accuracy) 


6T 


L 


T 


L 


to. 3% (from item 2 above) 


to.i psia (estimate based upon ('cnt:uir experience with 
“ high accuracy transducers) 


Calculate the required liquid volume to achieve a final fill of 05‘,ii 
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• = (Vui“Vuj) 


where: 


= ullage volume at 95% liquid fill 
= LH^ volume addition to achieve tank fill 

• The inaccuracy in providing AV is, 

Xj 


6AV 

L 


J-8%) (flowmeter accuracy) 


6. Re-initiate tank fill and introduce AVl, pi’opellaiUs to achieve a final 
pi'opellant load. 


• Propellant loading error can be defined as 



(3-5.1) 


(3-55) 


Propellant Loading Error . Equations 3-51, 3-53 :uid 3-55 were solved for li<iuid 
fill conditions of 80% and 88% at the start of mass gauging operations. At.Uiition:illy , 

® Pfjg 2 of 3.4 kN/m^ (0.5 psi) to 7.G kN/m" (l.J psi) was assunu'cl liuring 

mass gauging. Results are summarized in Figure 3-59. Note that tanking orroi- 
can vary between 1..5% and 4.4% with this mass gauging method. 

It is evident from Figure 3-59 that tanking error can be reduet'd by increasing P|j ^ ^ 
The only limit to this increase is that the resulting Pjj ,, at lank fill eompletii>n 
cannot be excessive. Figures 3-60 and 3-61 display as a function of final 

propellant fill and ^He2’ It is seen that can become as great as 62 kN in- p,) i 
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Figure 3-59. Thermodynamic Mass Gauging 
Tanking Error 


A more acceptable pressure level 
would appear to be about 28 to 34 
kN/m^ (4 to 5 psi). If a propellant 
fill goal of 95% to 97% is considered 
acceptable, the Figure 3-60 indicates 
that the maximum acceptable Pjjg 
is about 5.2 kN/m2 (0.75 psi). 3 
According to Figure 3-59, this will 
result in a minimum tanking error 
of 1.9% to 3.2%. 

Mass Gauging Concerns. The success 
of the thermodynamic mass gauge 
rests upon two key factors; confidence 
in the liquid mass flowmeter, and the 
ability to maintain thermodynamic 
equilibrium with the TVS mixer 
during the mass gauging operations. 


This technique depends upon a mass flowmeter to provide a gross indication of tank 
fill. Thus, there must be sufficient confidence in this instrument that propellant 
transfer will not be terminated until a high fiU condition is indicated. If such 
confidence does not exist, the alternative would be to terminate propellant transfer 
at the 70% or 60% fill indication. An early flow termination could increase tanking 
error to the point of rendering this technique useless. 

The second important factor is that of maintaining near-thermodynamic equilibrium 
conditions. Without this guarantee, ullage temperature uncertainty would increase 
the uncertainty in fiVuj . Such as increase would result in a corresponding propeUant 
oading uncertainty. It appears, however, from the analysis of section 3.3 that near- 
thermal equilibrium conditions will not be difficult to maintain. 

In spite of the above concerns, it appears that thermodynamic mass gauging is a viable 
technique that warrants further consideration. 
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Figure 3-60. Final Helium Partial Pressures Resulting From LH 2 Tank 
^ Mass Gauging Operations at 80 Percent Fill 



Figure 3-61. Final Helium Partial Pressures Resulting F'j-om LHg Tank 
Mass Gauging Operations at 88 Percent Fill 

3-8f) 


4 

COTV ORBITAL RESUPPLY 


In this section a mission scenario will be developed for the Cargo Orbital Transfer 
Venicle <COTV) concept selected in Section 2. A mission will be defined as an aid in 
identifying the key issues of orbital refill operations. These operations will include all 
major activities from post-mission return to Li:0 through resupply. Vehicle and depot 
subsystem orbital refill requirements will also be identified. Operational procedures 
and techniques for propellant transfer will then )y 'eveloped. Attention will focus only 
on COTV differences with POTV refill operations, because many aspects of orbital 
propellant transfer operations will be similar or identical. 

4. 1 MISSION SCENARIO 

Large space industrialization programs have been conceived for the 1990's and beyond. 
One of the most ambitious is the Solar Powered Satellite (SPS) program that will re- 
quire propellant quantities several orders of magnitude greater than those identified 
for the near term. In this SPS project Heavy Lift Launch Vehicles (HLLV) will be 
developed to transport personnel, material and propellants into low earth orbit (LEO). 
Liquid hydrogen and liquid oxygen will be transported in hu ge supply tanks containing 
approximately 436 metric tons (960,000 lb) at a 6 to 1 ratio. These supply tanks will 
be transferred directly to depots in LEO, and empty tanks will be returned to earth for 
refuelling. Depot ancillary equipment will include reliquefiei s for reclaiming stored 
propellant boiloff, and large solar arrays for converting solar power to the electrical 
energy needed to operate the orbital facility. 


Personnel and material will be transported fr(im depots to higher orbital altitudes to 
support industrialization programs. Personnel will be transported in POTVs; material 
(or cargo) will be dispatched to work sites (per haps GEO) in a common stage COTV. 
Conceptual studies have been performed to identify CO'J’V configurations, some of which 
were discussed in Section 2. 

4.1,1 SELECTED COTV MISSIONS. A two stage COTV will fly a round trip mission 
to dispatch its payload to GEO. Total mission duration will be approximately five days; 
the first stage will return to LEO a short time after the vehicle is launched. The 
second stage will return to LEO following the five day round trip mission to GEO. 

Upon return, each vehicle stage will enter' a phasing orbit preparatory to depot I'endez- 
vous. Several revolutions of this orbit (^- 3. 1 hours per revolution) may be required 
before rendezvous is attempted. Rendezvous and docking maneuv'ors will consume 
approximately two hours. 
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Post-docking operations will include cost effective procedures to reclaim all pro- 
pellant liquid and vapor practicable. ITiis is the primary area where substantial dif- 
ferences between POTV and COTV operations xvill occur because the depot ancillary 
equipment can be employed to minimize propellant loss. The impetus for such pro- 
cedures is derived from the relatively high c<\st of transporting propellants into space. 

4. 1. 1. 1 Timelines. Timelines have not yet been developed for COTV operations. 
However, a previous study "Orbital Propellant Handling and Storage Systems for 
Large Space Programs," Reference 4-1, indicated that a launch schedule of ten or more 
flights per year is conceivable. Therefore, a rapid turnaround time between missions 
is expected. Subsystems \vill be inspected and tested to verify flight worthiness once 
post-mission operations are complete. A safed condition will exist once liquid pro- 
pellants have been transferred and tank pressures stabilized. Pressure stabilization 
will be relatively easy to manage once liquids have been transferred. 

4.1. 2 ORBITAL DEPOT CONHOURAnON. Orbital depot conceptual designs were 
developed under Contract NAS9-15640 (Reference 4-2) for Johnson Space Center (JSC). 
That study concluded that large scale space activities would benefit from orbital pro- ' 
pellant depots such as shown in Figure 4-1, which illustrates a five-storage-modulc 
depot, with optional crew quarters and maintenance hmigars, refueling a manned OTV. 
Basic features include capillary propellant acquisition systems so that no rotation or ' 
thrusting is necessary to position propellants. Reliquefaction systems eliminate long 
term boiloff losses. 

Benefits of such a depot are: 

a. Reliquefaction eliminates boiloff losses. 

b. Operations are more flexible, accommodating launch delays and OTV waiting. 

c. Operating costs arc reduced for prob:ible 1990's OTV missions. 


Investment considerations are: 

a. Reliquefaction with power and radiators is a major item. 

b. Station keeping uses significant amounts of propellants. ' 

c. Propellant delivery tanks may also be used for storage. 

d. Docking provisions, solar power array, ar.d radiators are conmion to any 
space base. 

4.1,2. 1 Ancillary equipment. Reliquefiers will be pe*rm:uuMitly plumbed to the supply 
tank farm for continuous reliquation of propellant boiloff. Studies conducted in 
Reference 4-2 indicate that reliquefiers will be eost-effeetive in contrast to the alter- 
native of transporting additional pnuHllants from earth. Since they require electrical 
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Figure 4-1. Orbital Provx'llant Doiwt 

power for cnxM-ation and radiators for heat rejection, electrical power will be provided 
using solar arrays that will directly convert sedar energy. Figure 4-2 provides size 
and cost data on reliquefiers, solar arrays and radiators obtained from the previously 
mentioned study. It is apparent that the depot physical configuration will be dominated 
by the solar array and radiators. These data are for ivliqucfaction rates of 3.5 kg/hr 
(7. 7 Ib/hr) LH 2 and 7 kg/hr (15. (! Ib/hr) LOo- 
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Figure 4-2. Schematic: FT Pi-oivllant tXqKit 
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JVo Phase pi.n,po The ability to rcartn,, f 

^ I. a aeoessa^ P™P<='Ian.a tro„ supply .o rocoivor 

assumed that pressure-fed systems win hf °PPP«lons. It has generally been 
propellants. Ihere are InstLt -orbit transfL 

An excellent example of this occurs when trar«if " “PP^oach appears impractical 
to the depot supply tanks. The mass required to ^r^ P''°P««ants from COTV 

the same magnitude as the residual liquto to be be of 

ve approach will be to use pumps for transfen . ^ P^'eferred, and cost 

®"o» pomps requTrftl ! ph''“*‘*'“' PPoPo«oms. rather 

Tccirr:; r r “ 'rr,-- 

vspor a™, and pumps will have to be 'Z^TnZ Zm'oZ ' 

H;,o" inS^d^dlLse - ^ven .„ Pig„,a 

-•■on. .eren^ynarnleventsysmt 
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Param eter 

I Physical 

Length, m (ft) 
Diameter, m (ft) 
Weight, kg (lb) 

I Tankage 

LH^ Capacity, kg (lb) 
LO Capacity, kg (lb) 
Material 
Insulation 


48 

8.4 

251.750 

15,880 


(157. 5) 

( 27.6) 

(555, 000) wetj 
( 35,000) 


37,050 ( 81,690) 

198,820 (438,300) 

2219 - T87 A1 
MU 


Figure 4-3. 


COTV Characteristics 
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inanagcment (start l)asket ), an advanced attiUide control system (AACS) and an 
Ncil r ,y " m wm h2'f 3. 

vill hate a major influence upon orbital refill operations. 

4.1.3 . 1 Advanced attitude control system. The A‘\r<^ unii i j 

liquid hydrogon and liquid oxygen p,.„pcll:u,t.s in.n, ite .na 

be employed for all preeioion maneuverii ro,,uired during the COtV a .T 

:;“er‘''‘’' Sc::::„rd‘„i 

'^e;!u^fi!:;:r.rum:7re;i„“^^ ■» 

That 1.,, the vehicle Will be able 7-, eh ^ " "boot-strap" capability, 

pressurization or prri^eU^t s«tlinr tX iZ’ '"i'" 

wlll flinv from the acquisition devices to ttnar r.-s7'r ' 

generate a low thrust Thi« i 7 k V “'‘"Pectm- main engine inlets and 

Because this advanced engine will preclude Drt‘-nrp««i -,. f 

f .11 will dlhC' be iissunicd bir Pf'^Tv 

f . How, ng variations to the baste vehicle eonfigu, a„oa will b.. analyzed in sl^ion. 

1. No helium pressurization and no start basket. 

2. No helium pressurization with start basket. 

3. Helium pressurization and no start basket. 

4. Helium pressurization with start basket. 

Section 3. No further analysis is requhed 7 WTV 

depicting the influence of prechill atKi fink fill n ’ ^ Provided 

Only the post-mission o,K,rati™7w ill dl^, "ueb pr«e.ss. 

-Section 3. These opera ion^ w 1 T H'TVi<«sly discu.s,sed in 

liquid using ihe depot aneillatv eguZ^rTh^'llq^l^f 

proixdlant residuals on WTVmLLZ Pi'ovistons for reclaiming 
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4.2 MISSION DE- tanking operations 


paylowcc. „0R„,e „ 

If it is fnaaiUl^ 


It It is feasible to reclaim propellants - 


• =Sr"~'- ,, 

It sheltampressnr, ration system IS usetMl.e bellnm , ■ 

. „ ,, ■ '" propellant tanks) _ 

propellants --^'“I be Initiated. This requires that tank 

“t~ P-ur.rat.on system IS need e. . .no hellnm, - 

• Propellants win be exnplloH tc v , 

propellant tartts be "opened-up"' AlVn™”™","' requires that 

performed oomreniently only |, unk pressuTrtideTat''''''’ be 

-'riaes at or near zero. 

It is seen f.'om the above that nrrym n 

.couiu be perforniod 

etfecflve to '"■r^tlo" of when It Is cos. 

A totally auti^enous pres- 


4. 2. 1. 1 The cost of propellant dumping - The cost of dumping residual propellants 
overboard rather than reclaiming them is determined by the cost of transporting the 
equivalent pro^llant mass from earth. Residual propellant quantities for each COTV 
stage are itemized in Table 4-1, which totals for two stages are 5,896 kg (13,000 lb). 
Propellant transportation costs during the 1990 's are expected to be in the range of 
22$/kg (10$/lb) to 44$kg (20$/lb). The total estimated costs of dumping propellant is 
given in Figure 4-4, and can be as great as 30 million dollars for a ten year period. 
The cost of producing propellants was not included because these costs will represent 
less than one percent of propellant transportation costs. 


Table 4-1. COTV propellant tanks final MECO residuals. 


1 

Tank 

Volume, 

m^(ft^) 

Final MECO 
Pressure, 
kN/m^(psia) 

Vapor^^^ 

Density 

kg/m^db/ft^) 

Vapor 

Residual 

kg(lb) 

rcsK 

Liquid 

Residual, 

kg(lb) 

luais. 

Total 

Residual 

kgdb) 

H Tank 

LO„ Tank 
2 

548 

(19360) 

183 

(6460) 

103.4 

(15) 

103.4 

(15) 

6.62 
(. 085) 
22.18 
(.285) 

747 

(1648) 

835 

(1840) 

195 

(430) 

1171 

(2581) 

942 

(2078) 

2006 

(4421) 


saturated vapor 


( 2 ) 

assumes 0. 5% of total propellant load. 



Figure 4-4. Cost of Replacing Dumped COTV Residuals 
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•1. 2.1. 2 I’ropollant roolamation — Idoally, it will be dosirahli' to first transb>r all 
liifiiid from C’X/'IV, aiul tlu'u dral with tho question of rt'litjut’fying tiu' propt'llant vapor, 
llowovi'r, purr li(ivuil iransft'r front C'tt'l'V to tho dopot supply tanks will bo t'xtronu'ly 
difficult to achieve because liquid-vapor distribution, ereafed by the near /ero-j; 
t'nvi I (tnntent , may bt* unkiutwii. C i>nseqiUMttly. it is neet'ssary tt> tauisiiler t\va>— phast' 
fluid transfiM- rather than the separate <ipe rations t>f liquid phase transfer followed by 
t;as phase tnmsfer. 'rheri' are tlm>e alternatives available for transferring residual 
propellants to depot supply tanks. I'liese are 


Case 1 - transli'r a tw<> phase fluid <liia'etly to the supply tank. 

Case 2- transfer the fluid fo a rcliquefier; the resultant pure li(|uid can then be 
transferred to a supply tank, 

Case 3 - Coiuu cf propellanf tanks vent plumbing to tlu' supply tank and re- 
liqtiefy boiloff on a eonfinuous basis. 


A sehematic of each alternative, with a brief diseussioi> of ;*.d.v;;rit.iges and dis- 
advantages, is given in Figure l-f.. The most costly aftpioaeb will be ('a.si> 2 because 
substantially largt'r reiiquefieis are required if the resiilu:’.! vapor is to be recondensed 
during the transfer process. This higher flow rati' ri'quiriment translates into larger 
reliquefiers, radiators and solar array. Case d is unacceptable because propellant 
lank pivssures will remain high for the entin- periinl between launches, thereby violat- 
ing the groundnde to reduce tank pressures to a tow level in a timely manner. Case 1 
will have the slun test iluration 1 \m- pmpellant transfer since tlu' only limitation on 
transfer flow rate is pump si/.e. This case wilt be analy/i'd in gri'ater di'tail. 


Case 1 l‘!valuation . A eoinpri'ssor will bi' n'quireil for propt'llant transfi'r to tlu' supply 
tank because rt'Ct'ivt'r tank pressure will tit'cay to a bnv level during tins process, 

Sinct' ctmipressors may ut>t tiperate satisfactt<rily uiuK'r inixetl phasi' cttiulitit'ns, a 
vent tubt' will be net'tii'il to probe the ullagt' such that a high pi'ivt'ntagt' of vapor by 
volume is expelled at all times. c)nce fluid transfer is ei'iuplt'te, the vapoi- is prtK'es- 
sod through the supply tank ri'liquefiers over a b'ug time pt'ritHl. 'rhe tinu' requirt'd 
tt) complete reliquefaction will tlept'ntl upon fluitl residual mass anti reliquefaetion 
capacity. 


It must be rt'cttgni zt'tl that roliqiu'factit>n is not cost ITt'c. The supply tank reliqut'laction 
systems will bt' sized to hantlle a tlt'sign btub'ff ratt', Ueliquefaeior of prt>pellant 
residuals represt'nts a load t>ver anti abt'Ve the tlesigit ettiuiitions. f'onsequt'ntly. 
separatt' units or adtlt'tl capability for t'xisting units is requirt'tl. In either east', the 
addifitmal ct>st must be bonu' as the ct>st tt' reclaim resitlual pri'pellants. These et'sts 
aiv exf'lt'red in the folb'wing paragraphs. 

Heclamation Ct'sts. The rate at which prt'pellant quai\tities are rt'litgiefietl will di'pentl. 
in part, upi'n the available rt'sitlual mass anti tlu' lime availablt' for rt'lit|uefaelion. 
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COTV 


SUPPLY 

TANKS 



(J) pump/cnnipressor 



Holiciiu'fiors 


Advantagos 

1. Vapor can bo condensed by supply tank 
reliquefiers over long time peritxl. 

2, Fluid transfer occurs in timely manner. 


Disadvantage ~ pumps/compressors required 
for two-phase fluid trjuisfer 


CASK 1 



@ pump/emnpressor 


lu'liquefier 


0 liquid-vapor separator 
Advantage ~ pure litiuid returned to supply tanks. 
Disadvantages 

1. Tange i-eliquefiers required to condense 
vapor during short transfer periixl. 

2. laquid-vape-r separator ai d pumps 
required for two-phase fluid transfer. 



Advantage - No new equipment required - \’apor 
fie.ws directly to supply tanks 
reliquefiers as receiver tanks 
pressures increase above vent levels. 

Disadvantage - I.ong time required for boil off 
of receiver tank projudlants. 


I Figure 4-5. Alternative methods of reclaiming COTV residual propellants during vehicle post 

mission operations. 

I 


i 




J 
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residual pr.^KlIaiit quaimiies have beon given in Table 4-1 Tliese di-,- 
Mtails should pr*ably be reliquetied in a lime eompaiable lo Ihe inlerval be-lween 

“rVerT™ <'f >-iches 

^ ytai. Fl^i-o 4-6 gives relupefaetlon rates as a hinolion of lime for the COTV 
hydri^eu residuals. (Note: This discussion „m f„eus on hydrogen beeaLe ilfil 
liquefaction costs are considerably greater Ilian tor o.tygen. ) 



Figure 4-6. 


COTv*'n'T Hoquiivnionts for Roliquofying 

COIV Hydixjgoii Uosiduids ‘ 


sm^osruL“ h^i ssiCer’XcLtnC^^ .rfrfkXl2i'tM'ru’ h r 

^able of rolIquelSdng COTV hydrogi-n residuals In abini't hIvs ThiC^i, |U -ti " 

:^rrg';:t'.irr'c:t;T: ..t 

may be required to recover rollquctler eosist ”* ‘’P"™**"" 

quantities of IWdnJgeTa'^^il^Z^^ ~ 'Hk orbiliU depot will eonsume substantial 

The annual usT^ Xs «3 n^! t^ “a f"'"'"’ 

wcit t sumaUd m Hcforonco 4-1 at 22608 kg (49, 872 lb) 
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Figuie 4-7. Cost of dumping COTV hydrogen residuals compared to cost of 
reclaiming vapor residual. 

hydrogen and 48144 kg (106,104 lb) oxygen. Propellant residuals (from 12 COTV 
launches/year) could provide up to 40 percent of the annual RCS propellant needs if 
the residuals can be transferred to suitable storage tanks. That is, the fluids must be 
tnmsferred and stored in vapor form in oixier to avoid the high cost of reliquefaction. 
Performance of an oxjrgen/hydrogen vapor feed system, is shewn in Figure 4-8. A 
vapor feed system appears to be feasible because performance degradation is some- 
what insensitive to chamber pressure (which reflects storage pressure conditions). 

It 14-aiso estimated that storage temperature variations will have minimal effect on 
RCS engine performance. 

,• I VAPOR FEED PtHFOUMANCt 

I (ESTIMATE) 



Figure 4-8, Estimated vapor feed pei'fonnanco for 
Oxygen/Hydrogen HCS engines. 
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Jr2lV2 p'T"""' 

(iable 9-2, Reference 4-1) (Millions of 1979 $) 


Cost Element 


Structure 
A vionics/ Software 
Solar Array 

Electrical Power System 
Fluid System/Plumbing 
Reliquiflers* 

Radiators 
RCS System 
Subtotal 
Floating Items 
Initial Spares 
Initial Transportation 



5 M lb Capacity 

1 System Dedicated 
to Reliquefaction 
I of COTV Propel- 
lant Residuals 

Size 



Dev. 

Proc. 

5 M lb 
Capacity 

10 M lb 
Capacity 

15 K lb 

1 13. 23 

0. 06 



500 lb 

24.48 

2. 61 



33.3 m2 

- 

0. 01 

0. 01 

0. 02 

1000 lb 

0.26 

0. 95 

0. 95 

1.90 

1500 lb 






>• c3 

3. 30 

3.30 

6.60 

2200 lb 

16.32 

6.69 

6.69 

13.38 

300 lb 






0 , 54 

0. 20 

0. 20 

0.40 

400 Ib 






56 

2.62 

- 

... 


72.71 

16.44 

11.15 

22. 30 


27.64 

5.59 

3. 79 

7.58 



2.47 

1.67 

3. 34 



0. 21 




100. 35 
L 

24. 71 

J_ 

16. 61 
_L 

33. 22 


... ..liquefaction and 29. r. kq/1,,. „I5 |b/l„., GO ,.e,|q, 

a. Hydro, rellquefacon req„.e.e„.o cepyesenf po„,„„ of cosfl 
(2) No development costs for solar arrav it no 

have been borne by the Solar Powered Satellite ^SPS^ costs 
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disadvantages have been Identified for an oiiygen/hydrogen vapor feed systetn. 
Itiese are: a) the need for compressors to transfer residual propellants to the RCS 
storage tanks, and b) the Increased storage tank mass airf volume required for vapor 
storage over that of liquid storage. 

These disadvantages appear to be minimal as explained below: 

1. Compressors and/or considerably more complex equipment will be required 
for the reliquefier approach. 

2. The increased RCS storage tank weight should be small in comparison to the 
residual mass reclaimed annually. 

4. 2. 2 OPERATIONS FOR HEUUM PRESSLTRANT. Reclaiming COTV residual prch- 
pellants can be a more complicated process, than described in Section 4. 2 1 if 
helium is present in the propellant tanks. The helium will have been introduced during 
the vehicle mission to provide NPSP for each main engine start. As discussed in 
Section 3. helium must be removed prior to a refill operation because excessive 
partial pressure may result for a fully loaded tank condition. Steps must also be taken 
to prevent helium from entering the start baskets during refill because, once present 
that helium will remain until expelled during a vehicle mission. Pure liquid flow from 
the start baskets is a requirement; consequently, helium trapped within a start basket 


These potential helium problems will be avoided with POTV by expelling virtually 
all propellant residuals and helium from the propellant tanks through a blowdown 
process. Several blowdown periods are contemplated to provide assurance that helium 
is diluted to an acceptably low level. This approach is acceptable for POTV because 
equipment and facilities will not be available in the orbiter to reclaim propellant 
residuals. But, since it can be assumed that the appropriate facilities and equipment 
will be an integral part of the orbital depot, and evaluation is required to determine what 
options are available, and which option is acceptable. Table 4-3 identifies the problems 
(caused by helipm) associated with the COTV post-mission operations; possible solu- 
tions are summarized for each problem. The following three solutions (which are 
identical to those of Section 4. 2. 1) will be discussed: 

1. Propellant dump to space (with no attempt to reclaim residuals). 

2. Reliquefy propellant vapor and return to the depot supply tanks. 

3. Transfer residuals to depot RCS propellant tanks for subsequent reuse for 
drag male eup and attitude control requirements. 

4. 2. 2. 1 The cost of propellant dumping - The cost of dumping propellants from a 
COTV will be the same whether the vehicle includes a helium pressurization system 
or an autogenous pressurization. This is because propellant tank total residuals will 
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1 


Kecotn mended aoliAlon. 


be the same for either vehicle system. Vapor residujils will be about the same 
because they are only minimally affected by pressurization svsVn, t • , 

a COTV mission. A schematic of this method is shown in Fieure 4 q for . 
procedures and assumptions are given below. ^ ^ ^ ^ hydrogen; 

1. A hydrogen-helium vapor mi.xture will be extracted from the propellant tank 

6- 9 kN/m^ (1. 0 psia) during the 

vapo. oxpula.on proccaa. Much „t Iho liquid will bail during this peri,i. 

'■ relt,uct"r°-ri,r; - “ "P-P ‘o the 

be capable of increasing pressures to 
greater than 103 kN/m^ (15 psia). the storage .ank pressui"!; 

Note: Compressor costs are not included in this evaluation. 

4. The hydrogen- helium mi.xture enters the reliquefier where nrooGllani vnn 

rrrrh • 'p-idX^^rir :r 

array, and heat rejection is provided by space radiators. 

Note: Only the cost of additional reliquefiers and radiators will be considered 
in this evaluation. These costs are given in Table 4-2. 

5. Liquid hydrogen is sepuruted front holiunt using a ptechauical separator with 
Iteheltuu, betng returned to its storage ta*. and LH. returntui To its sVor'gt 

rr.n; -r,:;- c“x;r=r “ 

4. 2. 2.3 Residual for RCS propellants - Employing propellant residuals for Rrs 

&'XnTu 'l 3^s'* 'terer'‘ '■'hether or not helium is Involved. The discussion of 
■ .u . applicable. The single e.vceptlon to Section 4 2 l a 

js that lies engine performance will be degradtxi by the preLneo Hh^^^Tnert' ts 

p^x. rSat" ” rrai::;‘,r:;tai 
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Figure 4-9. Schematic of a Propellant Residual Reclamation Process 
4. 3 COTV ON-ORBIT RESUPPLY 

nie techiiical obstacles associated with COTV refill operations from an orbital depot 
are similar to those identified for POTV refill from an orbiter-tanker. That is the 

a™ ■^O'nblned with the limited reaoumea 

available for space-based operations will complicate refill operations. A major 

difference between refill from an oibltal depot or from an orbiter tanker Is ttat 
resources available to the former should be substantially greater in terms of persoiv 
neJi^d facilities. The additional resources should make it easier to perform COTV 

themodynamic and fluid mechanic considerations of COTV on-orbit refill are 
Identical o those for the POTV. Consequently the same elements of an acceptable 
propellant transfer procedure apply: initial vent, prechill and fill. The POTV 
imti^ vent is equivalent to the COTV de-tanking operations of Section 4. 2 Also 
prechill and tank fill criteria for COTV is identical to that for POTV because the 
Physical mechanism will be the same. Consequently, this discussion will focus on 
^Xl^t Uilkl^^^ conditions required to satisfactorily prechill and fill the 
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4. 3. 1 COTV PRECHILL. The requirement for prechill of the propellant tank is to 
reduce tank temperatures sufficiently that the fill process will be accomplished with- 
out having to vent. The theoretical maximum tank pressures during prechill, as 
described by equations 3-7 and 3-8 are plotted in Figure 4-10 for the COTV and 
POTV. Note that peak pressures appear to be virtually independent of tank size. 
This is because the volume- to-mass ratios of each vehicle propellant tank is nearly 
the same. It will be shown in Section 6, on scaling, that this ratio is an important 
prechill scaling parameter. As was determined in Section 3. 3. 2, the LH„ tank will 
be prechilled to a temperature not exceeding 200K (380R). This atep will^arantee 
that the absolute maximum tank pressure will not exceed 138 kN/m^(20 psia). The 

liquid oxygen tank will not require a prechill process (as was previously determined 
for POTV). 

4. 3. 1. 1 Prechill procedures — The following charge and vent procedure was select- 
ed for LH 2 tank prechil): 


1. Meter LH 2 into the tank at a high velocity to provide good heat exchange with 
the walls. 

2. Allow time for tank pressure to peak out at about 69 kN/m^ (10 psia). Vapor 
temperature equals tank temperature at this time. 



(300) 200 (400) 250 (500) 300 

INITIAL TANK TEMPERATURE, K (R) 


Figure 4-10. COTV and POTV Peak Prochill Pressures Will be the Same 
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^ POOR 

Figures 4-11 and 4-12 give tank ullage pressure and wall temperature histories dur- 
ing this prechill period. These curves are based upon introducing 42. G kg (94 lb) 
hydrogen at 0.91 kg/sec (2 Ib/sec) during the charge period. Peak pressures for 
this procedure will not exceed 79. 3 kN/m^ (11. 5 psia). Flow conditions selected for 
this simulation are given in Table 4-4 and appear to be readily attainable conditions. 
It is concluded that LH 2 tank prechill will be a rather straightforward process, and 
of a sufficiently short duration that it can readily be integrated into a vehicle mission 
prelaunch sequence. 

A comparison of the aforementioned ullage pressure and wall temperature histories 
with those for POTV (Figures 3-19 and 3-20) reveals an obvious similarity between 
both sets of conditions. The sir.Tarity is even more striking if the data is plotted 
with respect to a normalized time (Figure 4-13). Time is normalized by dividing 
the actual time by the total time of each charge duration. The excellent data cor- 
relation supports the thesis that prechill data on one vehicle configuration and size 
can be extrapolated to other sizes. This subject will be discussed in Section 6. 


page is 
QUALny 



Figure 4-11. COTV Liquid Hydrogen Tank Pressure History Ckiring Prechill 
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time, seconds 


Figure '-12. COTV Liquid Hydrogen Tank Ton.perature Hlalory During Prochlll 





4-20 


Table 4-4. Conditions Selected for COTV Liquid Hydrogen Tank 
Prechill Procedure 


1. 

Initial propellant lank temperature = 289®K (520R) 

2. 

Initial pressure = 6. 9 kN/m^ (1. 0 psia) 

3. 

Hydrogen vapor saturated at 103.4 kN/m^ (15 psia) enter 
propellant tank 

4. 

Entering flowrate = . 91 kg/sec (2 Ib/sec) 

5. 

Entering velocity = 6. 7 m/sec (22 ft/sec) 

6. 

Hydrogen charge terminated after 42. 6 kg (94 lb) enters tank 

7. 

Tank vent initiated when tank-to ullage temperature difference 
becomes 5. 6 K (lOR) 

8. 

Propellant tank vented to 6.9 kN/m^ (1. 0 psia) 

9. 

Vent area = 148. 6 cm^ (23 in. ^) 

10. 

Tank mass = 2228 (4911 lb) 

L 

Tank volume = 548 (19363 ft^) 


4. 3. 2 COTV TANK FILL. Tank fill will be initiated after prechill is completed The 

. ideal condition will be to maintain thermal equilibrium during fin 
which can be approached as heat and mass exchange between (Hp nho • • ^ 

It was proposed in Section 3.3.3 a.at near-therp.al equilibrium 

attained by introducing propellant to the tanks through spray nozzles A hio-h «« 

^change rate will be provided during the early part of the fill process (to iout^fo' 

IrllZ ^ interaction with the ullage. An even 

g ater energy exchange rate will occur during the latter stage of tank fill (about 60 

Figures 3 24 and 3-2o give the relationship between entering hydrogen and oxveen 
bquid ™por pressure and final tank pressure for thennal eXi^brir This^aL Is 
applicable both to POTV and COTV propellant tanks. These curves show thL 

areThlevS* "The^YPRK"'’'* ”"T" "ear-equilibrium conditions 

e« to dem^ine 

f“r’4-f tr *" ■" 

difference between the two computer xxms is in the enter- 
ng liquid temperatnre. The higher receiver tank pressure history is bLed upon a 
ixed inlet temperature condition (.an idealized assumption). The lower tank pressure 
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Pressure, kN/M (psia) 
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Heeeiver Tank Liquid Fill, Percent by Voliuue 


100 


Figure 4 -14 Supply Tank Temperature Influence Upon CO'n’ Pressure 
Refill. 


During 


--- .pp,, 

.empe..a...o an. p..„aaa,... ^ .^rr'n 

SUMMARY 

Orbital refill operations for a COTV will bt^ very similar to POTV refill Pv. i ii 

Propellants will bo «pravcd''Rm.'thVIm^^^^^ be similar between (he hvo vehicle stages. 

needed to approach ncuMhormni i t ' m,.xing between (he fluid phases 

POTV and COTV Ul l i T POmaiy difference between 

PUl V and COTV fill will not be procedural, but thermodvnainic iiu. h rr 
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Figure 4-15. Predicted Supply Tank I.iquid remporature During COTV Refill 
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reclaiming residuals through a reliquefaction process was m • i i 

of high reliquefier costs A * • i niarginal at best because 
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ments. system propellant require- 
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LTL OKBITAL HFSUPPLY 


A mission scenario will be developed in this section for thn i .u . . 

earth storable propollant vehicle concept. A mission will be'IfM wW^h'^ 

p“peL‘nll'”™csc ' '""T "'■Wtel- refueling operations using earth stor^te 
Irage Tic LEO “'o” Po-^-niusion 

"r,TT:Trbr.:::r 

A groundnxle imposed upon this vehicle conconi ..«i u .. 

on-going programs, if possible. Because (he data bas- f n! existing 

missions was considerably smaller thai, tor cyogenlc OT^“Tttemot '"’“'T “ 
optimize the vehicle configuration Ra^htM- tho T . ^ 

that would be reprcsentativc'ntsieTt ciT. “ “"Aeuratiou 

5. 1 MSSION SCENARIO 

"Te ” — - - - 

T:[:"rwiu » «~r:r^ 

supply tm*s With N^cr^TMii: rdZ';‘!:::s:Tr LTm. 

— Zs^HbTngTe^rL :TT':;Tr:rs;i" zr r 

TeXT^t = :r ;r: - “ 

fash Will be to trausfer large apace m." “ 

tcWci' "th”"’t* l" “ "-"'i- ) finder low acceloiatlZ A 
h-cle thrust level of approximately 2«. 7 kN (GOOD lbs) will be required. 

description of the selected systems, all of which are currentl^availabL ’ '''' "" 

— of four 

IK. , cacn containing a screen acquisition device (four galleries) 
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Figure 5-1. LTL Earth Storables Vehicle Configuration 



and a bulkhead screen, Ficure *>-9 i. 

Shuttle o.tit.”.l muneuverlnf system kMsT, r" f «« 

The tanks are designed to operate at approxb^ijltelv l7^Go\^/ Propellants. 

IS required to satisfy engine lolet conditions Hel ' ' n "'hich 

tank pressures since prepell^ vary we ^ ^ 

131 kN/m^ (19 psia) and 6 9 kN/m2 tl n relatively low; about 

|a„d6.9kN/m (1-0 psta) respectively for N2O4 and MMH. 

The engine system will have a thrust level of 26. 7 kN (6000 Ihs, n s 

for tne mission. (ouoo lbs), which was selected 

C^utrtf rhe'?v‘rte‘‘r 

developed tor orblter and Includes a scLn acaUsit^Td 

and Bc?pr^utmn!^s^emfwltl? °MS 

ntam prointlsion system, and the results would'also be" ipSeTrrcr^^ ™ 

which would I™ ^IMtefes'SldT” 

Each concept employs existing hardware. ^ ^ ^ vehicle. 

cylindrical 2. SS^mS^a^^^rlpe^^^^^^ contains two 

tanks for the reaction control systems Fieure 5 ^"gines and two spherical 

concept which uses these shuttle tanks* I h ?r" LTL vehicle 

a thrust cone), a main engine, four QMS tanks structure (equipped with 

bottles, four RCS clusters a; a";n?c?slc«on’ two modular helium 

vehicle components. The OMS and RCS tent ' ^ system are the basic 

With a system of struts andToL^tt^gs. "" 

the main engine , the^alS!"and thTp^^lta7*’'^h^^ reacting the loads from 

at the forward end for mounting astrionics r,\oU- includes provisions 

not indicated; however, several are read l ^ w ^fTi* construction is 

-•e cyl..cr, nktn ;ir.ngertrc.^:::^f ^ ^ , 

(77 in. ) coupled wl^th al^’cL^t cm ^ T ‘ 
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Figure 5-2. OMS Propellant Tank 




Figure 5-3. Low Thrust Liquid (LTL ) Vehicle Concept One 


Some minor additions to the OMS tanks will be required such as an aft conical skirt 
equipped with a disconnect for receiving the helium bottle modules; a forward cylii>- 
drical skirt for mounting the ACS clusters and several fittings for structural and 
plumbing supports. Alterations for plumbing interfaces may also be required to 
accommodate the vent and fill circuits. The aft conical skirt section previously 

mentioned will be required for two tanks only; one for each helium bottle module 
required. 

The four RCS tanks are spheres equipped with acquisition devices. Two of the spheres 
are located inside the body structure and two are located externally near the main 
engine thrust cone. A strut support system is indicated; however, other methods m.y 
be used such as girth flanges or skirts. 

The helium supply is two 102 cm (40 in. ) spherical modules equipped with a latch 
system and a motor driven disconnect. Details of this system will be discussed in 
Section 5.4.2. Additional conceptual information is shown in detail "A" of Figure 5-3. 

A typical reaction control system (RCS) cluster consists of four thrusters mounted 
inside the OI.IS tank skirt structure ’ pointing outboard (see layout). Four clusters 
are used and are 98 N (22 lb) fo . a unit with an Isp = 280 sec and a mixture ratio 
of 1. 85. The approximate overall length of each thruster is 25. 4 cm (10 in. ) Flan 
type mounting is provided. 

The astrionics section is located at the fomard end of the body stiaiclure. The four 
OMS tanks shadow this section therefore heat dissipating systems may be required 
such as heat pipes and radiators. Possible locations for the radiators would be 
between the OMS tanks. 

The docking and payload attachment system is located forward of the astrionics and 
interfaces with the shuttle or the payload. Features such as gross capture under wide 
misalignments, shock aHsorbing, pull down and final alignment, followed by structural 
attachment would bo included in this system. 

3* 2 y^cle Concept 2 - In Concept 1, two types of propellant storage tanks 

are shown. For the main propulsion system, four OMS tanks arc used and for the 
RCS system, four spherical tanks are used. An alternate approach is shown in Figure 
5-4 which uses six OMS tanks. Two of these tanks seiwe the RCS system and the 
remaining four supply the main propulsion. Similar to Concept 1, the tanks are attach- 
ed to a cylindrical body structure equipped with a thrust cone. In this case the thrust 
cone is reversed to minimize the vehicle length. 

Two of the RCS clusters are mounted on the forward ends of two OMS tanks and the 
remaining two clusters are supported from an open truss structure located between 
the OMS tanks, 'fhe purpose for the truss structure is to permit a 90* spacing 
between clusters. The ‘russ is shown attached to the main body section, however, 

5-6 


i 




/5 8 rr- 


O, 

t ^ 



3 


I 

in 


0) 

u 

3 

bfi 


U. 


Thrust Uquid (LTL) Vehicle Concept 2 



other methods could be used such as a bridge sti-ucure 
cantilever support fitting attached to one OMS tank. 


between two OMS 


tanks or 


a 


Similar to Concept 1, 
bottles are required. 


modular type helium bottles are used. 


For this case, three 


The primary advantage of concept 2 over concenf i fhn. . 

cri s;xsTc.'=-=rT™r.i~ 

r “ r=: 

The two OMS tanks weigh more than the four HCS spheres they repla^c^'' ATso'^'th 
ZTaZ bottle t'pt- 


5 . 1 . 3. 3 Fluid systems for concept 1 — Figure 5-5 <?hmv« th,, k, • i •. 
propellant fill, vent and cross-over circuit^ A u Pl^^^bing for the 

Figure 5-6. Plumbing for the main propulsion RCs Tn^o '^^’r'^ 

shown. Referring to the schematic, the ov^VTu svstm f T 

of a fill circuit and a vent circuit. On the fill sidf - . Piopellant consists 

each pair of RCS tanks are tied together and fed with'^^ r 

the d'sconnect The rmi<; i . ^ ^ ^ ^ common line which starts at 

ing spray nozzies All anlTlr incorporat- 

and tLLrmng. -ntrolling. filling 


For the vent circuits, each 
propulsive overboard vent. 


pair of tanks are tied together and routed thnnigh a non 
tach tank is equipped with a vent valve. 


e"':: rxr ~rr 1^".:':^: :zr 

a system may be laid out. Referring to the N O side" fh" 

connect „hteh ts supported ftnn, the aft eontetS s1tm ll'" t^ OMst*: Z 

.a r ■" 

and on the conical skirts ‘‘ •>" the Ihtusl eon 

" '“"‘PC* allrta. rhe same arrangement 1 s used for the MMII For th.. 

N2O4 tanks located inside the body sti-ucture the fill h.k 

e.. over line. For .he MM„ sfde, .C^thlta':^ rVe^^s^er 
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A non propulsive vent system for each propellant is located at the forward end. The 
exits for each of these circuits are positioned outboard to prevent impingement on the 
OMS tanks, payload and adjacent structures. Four open truss arms attached to the 
body structure provide support for the tubing. Basically the non-propulsive vent is 
a loop of tubing with the ends of 180® apart. This arrangement is frequently referred 
to as the "steer horn". The vent lines from each tank are connected to this loop of 
tubing such that there is equal distance from each point of connection to the overboard 
ends, A t 3 rpical tube assembly would feature welded joints and the use of bends instead 
of fittings where possible. Large sections would be bench fabricated to ensure maxi- 
jr/JTo. quality control. 

The fill and vent circuits were designed for the purpose of enhancing on-orbit propel- 
lant refill. Refill must be conducted with caution because of the corrosive nature of 
the earth storable propellants. Refill can be difficult because the OMS and RCS pro- 
pellant tanks must first be vented from about 1760 kN/m"^ (255 psia) to 207 kN/m^ 

(30 psia) in order to expel sufficient helium to enable refill. 

5. 2 ORBITAL PROPELLANT RESUPPLY TECHNIQUES 

The obstacles of on-orbit refill are the same for the LTL vehicle as for a cryogenic 
POTV. These obstacles are: 1) the hostile space environment and (2) the limited 
resources available for space-based operations. The primary variable complicating 
refill is the zero-g environment. 

Propellant tank fill withN^O^ or MMH in an orbital environment poses fewer problems 
than liquid hydrogen because of temperature environment and operating pressure level 
differences between a earth storabie and cryogen system. System temperatures 
will not varv significantly for these propellants at any time during a fill or refill 
operatic ,. Consequently, prechill will not be required to precede tank fill. 

Propellant tank operating pressure of 1760 kN/m^ (255 psia) is considerably higher 
than for liquid hydrogen. This higher pressure level will simplify tank fill because 
fill pressures will be maintained below the normal operating levels without difficulty. 

One problem that cryogenics and earth storables have in common is that an undefined 
(or poorly defined) liquid- vapor distribution will exist during low-gravity tank fill. 

This inability to determine vapor location will make it difficult both to assure that no 
liquid is vented during tank fill, and to assure that vapor is not trapped within the 
screen channel device. 

For the analyses that follow attention will focus upon the problems associated with 
N 2 O 4 and with main propellant tank refill. is selected because it represents a 

more difficult propellant to handle than MMH due to its higher vapor pressure. The 
main propellant tanks were used in these analyses. 
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HKQWRKMKNTS. S.«vornl ix^qxn rcments were 
.de nt fiod as being necessary (o assure that LTL vehicle refill will be safely and 

of Pertonned. 'Fhesc are general requirements that should apply to a variety 

Vehicle configurations. Tliere will undoubtedly bc' configuration- related requirements 
01 .my vehicle. However, such requirements cannot be identified without first having 
considerably more vehicle design detail than was available for tliis study. 

Pr»lH*Ilant tanks prio r to orbiter reiidezvoi.^ - u>Q, is a particuHrlv 
coi rosivelluid in vapor or liquid fonii. Fluid impingement upon the TomL 

surlaces coukl have a long-term adverse affect upon vehicle components. The orbiter 

mil be spared this potential hazard if LTL vent procedures are performed well in 
iidViince ot orbiter I'endezviuis. 

5. 2. 1. 2 Minimize liquid vent potentiiU - This requirement addresses two major eon- 

t nis. piopellant corrosiveness ami veliicle control. Liigiid venting must be minimized 

i cause It IS potentially more damaging than vapor venting. First, a litjuid vent plume 

aU r* V * y confirmed, i.e. , liiiuid exposed to a vacuum will boil and expand in 

f'n! , ' f'""> •• vout Ls likclv lob., srcal- 

than from a vapor vent plume, which increases the corrosive potential. ' 

The second as,x^ct to the potential problems of liquid venting is vehicle control 
Because procedures will identified for remote venting of the LTL propellant 'tanks 

veldcrc "T, niaintained. Liquid venting could jeopaixlize ’ 

ck contiol because it is unlikely that a net zero thiusi would result, even if vent- 
ing through a non- propulsive (designed for vapor) vent system. 

5. 2.1.3 IMiui^ _ rh,. acquisition 

evice in each propellant tank is to provide tlie capability for pure liquid flow. Any 

^P lal pioccdures. or until it flows from the tank to the engine system. Siiecial pro- 
cedures for removing trapped helium arc undesirable because they are time consuming 

v?td with propellant is unacceptable becaust« it 

violates the requirement of 100 percent liquid availability to the engine system. 

L“in "«««» propellant 

.pace because ot the lase with whieh it can bi> filled on the ground prior to flight 

There ,s a possibility, however, that the propellant tanks eould be completely evacif.ted 

at a ^ture time for maintenance. Following such an occurrence propellant tank fill ‘ 

would be perfomed on evacuated tanks residing at ambient temperature. 

5. 2. 2. 1 ^ j i-equilibrium fill - Tile high operating pressure levels will simplify (^MS 
proMlan. ta.ik fill because fill pressures will be maintained below the norS 1 

mumT^k ^‘f^culty. 'Hiis is illustrated in Figure 5-7 which shows maxl- 

un ta.nk pressure as a fiinction of percent liquid fill. Ismitropic conp cession of the 
ullage IS assumed, which means that heat exchange with the li(,uid and tank wiUls is 
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7,0 ro, 


. Noto that 90 piMX’iMit fill can b(> olTootoil without ('xcooiiinj;' l97HUN/m“ (liOO 
psia) pros.suia', linliUo cryoja'ihcs this o.\ti<'mo!\ conservative appioaeh can be used 
bt'eaus(' results an> aeeeptably low. 


5. 2. 2. 1: Thennal emiilibi iuin tank fill — Fipaire 5-7 piawides evidence that initial tank 

fill will be readily achieved. It is more reasonable, however, to exi)cct neai^theniial 
eijuilibi'ium conditions to exist dui’ing,' fill. Ihi.s proi css is described below. 


Theniial etiuilibmnu fill represents the miniimnu propellant tank pressure condition 
that can e.xist during fill. 'I'he thennal equilibi iuin tank fill relationship derived for 
liquid hydrogen (laiuation :?-2:>) applies as well to N20|. This cxiuation is given below. 
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Flgaire 5-7. Mxxlnuim OMS Pix>pellant Taitk Pressure During Initial HU 
With N20-1 


where 


= enthalpy of entering liquid final vapor 
= total internal energy 
= final liquid mass 


u m 
^2 ^2 
m. 


~ storage tank wall energy change during fill 
= final liquid internal energy 

2 

It IS possible to relate h^, and Ug to liquid vapor pressure and temperature under 
thermal equilibrium conditions. Thus^UL, ^'g 9 ^re known once final vapor pressure 
IS specified, au^ can also be determined, when initial and final temperatures are 
given. Finally, (which is a function of entering liquid vapor pressure) can be 
determined for a desired liquid fill condition. 

Equation 5-1 is summarized for N 2 O 4 in Figure 5-8 which gives entering liquid vapor 
pressure as a function of initial tanli temperature and final tanlvcd liquid vapor pressure. 
It is interesting to note that the effect of initial wall temperature upon final tanli pres- 
sure is negligible. This data illustrates that the N 2 O 4 thermal mass will so dominate 
tank fill that the tendency will be for final lank pressures to approach that of the in- 
coming liquid vapor pressure. 

The same fill technique, that of liquid spray into the tank, will be employed for N O 
as for liquid hydrogen. This approach will assure that will be at least as close 

to thermal equilibrium as liquid hydrogen, al the same fmid power inflow conditions 
This assessment is made on the basis that the liquid- vapor thennal mass ratio is 
SIX times greater for N 2 O 4 than for hydrogen. Thennal equilibrium is more readily 
achieved for fluids having high thermal mass ratios. 

5.2.3 ON-ORBIT REFILL. Most, if not all, problems associated with LTL veliicle 
resupply will be associated with the need to vent helium before propellant refill can 
be initiated. Helium venting must be conducted with cai-e under orbital conditions 
because liquid may also be vented. In addition, helium may enter the screen channel 
device (or galleries) during this periixl, unless precautions are taken. 

Helium venting is necessary prior to attempting refill in order to avoid excessively 
high tank pressures during the refill process. To illustrate this point, helium partial 
pressure in a N 2 O 4 tiuik will increase from 1758 kN/m“ (255 psia) to 15820 kN/m^ 

(2295 psia) as the tank is filled from 10 percent liquid to 90 percent liquid. 

The refill process will not represent a concern once sufficient helium has been vented 
to avoid high partial pressures at small ullage volume conditions. Thus the key to a 
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CONDITIONS 


1. TANK VOLUME = 2. 55 nr^ (‘JO ft 3) 

2 . TANK MASS = 253 kg (558 Ibjn). TITANIUM 

3. TANK PHKSSUKK IS 0. 0 kN/m2 (0, 0 psia) PKIOR TO FILL 
1. NO VENTING DURING FILL 



Figure 5-8. Final Storage Tank I’ressurcs for N 0 O 4 

'rhemiodynamic Equilibrium Fill Ptx>eess 

successful refill is helium venting which precedes (his process. 

5. 2. 3. 1 Thennt) dy!uuiiics of pi-opellant tai\k vent — Tank venting must guarantee that 
the screened volume wall not be eonbuninated by helium enti-y. Helium cannot penetrate 
the device wliile it remains filled with propellant. However, once vapor resides within 
the device, helium entry can occur as a result of molecular diffusion or forced con- 
vection flow. Thus a vent procedure must be selected that will maintain the screen 
device filled with liquid. 

There are two phenomenon of concern during (anli venting: liquid boiling and surface 
evaporation. Litgiid boiling within the galleries must be avoided. Surface evaporation 
ciuuiot be avoided, but propellant must be available for li(giid m;U\('-up, Fhe following 
steps describe a vent process selected to satisfy the requirement of keeping the screen 
galleries liquid- filled (^.,^4 proix'rties are :issumed because a procedure acceptable 
to N.)0^ is also aecevitable to MM 11): 

1. The partial pressure of helium and vapor will decrease as tank pressure 

is decreased. N., 0 ^ evaporation will bt'gin at the screen surface once liquid 
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vapor pressure exceeds the partial pressure of the vapor. 

2. Liquid will be di'awn into the capillary device to replace liquid lost due to 
surface evaporation at the screen (Figure 5-9). Thus, sufficient liquid volume 
surrounding the galleries, and in communication with the contained liquid, must 
be available for liquid replacement. This quantity must be determined, 

3. The liquid bulk cannot boil while pressure exceeds liquid vapor pressure. 
Consequently, tank vent will be terminated at a pressure greater than 131 
kN/m^ (19 psia) to assure that the capillary device remains filled. 

Note: The only evaporation (or boiling) that can occur is at a liquid-vapor 
interface, and only if vapor pressure at the surface exceeds partial pressure 
above the surface. 

It is estimated that prope.lant tank px-essure must be reduced to about 210 kN/m^ (30 
psia) prior to starting propellant refill. Appi'o.ximately 12. 7 kg (28 lb) of N 2 O 4 vapor 
will be vented in the process. Less than 2 kg (4. 4 lb) of MMH vapor will be vented. 


EVAPORATION WILL OCCUR DURING TANK VENT 



Vapor nviy form within galleries 
if propellant is not available for 
liquid make-up. 


EVAPORATION 



Figure 5-9. Propellant Tank Venting Caix Occur Without Losing 
liquid I'Tom Screen Galleries 
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o. 2. 3. 2 Propellcifit taiik refill — Propellant tank refill can be performed in a manner 
similai to that of initi<il tank fill. As with initial fill, the high operating pressure 
levels will tend to simplify tank refill. Unlike the initial fill condition, helium in the 
ullage precludes using the most conservative apprixich of isentropic compression to 
verify that refill can be achieved. There is a less conseiwative meth<xl, however, to 
illustrate that tank refill can be readily accomplished. Figure 5-10 indicates that re- 
fill to the 87 percent level will be possible even for isentropic compression. The goal, 
however, is to achieve a refill of 95 percent, which can readily be attained if neai'- 
theiTnal equilibrium conditions arc maintained during refill. According to the discussion 
of Section 5. 2. 2.2, the liquid- to- vapor thermal mass of N.,04 and helium is such that 
near thermal ec|uilibrium conditions will be maintained. Figure 5-10 indicates that 
refill can be achieved even if the ullage is superheated by 55.5 K (lOOR) above the liquid. 
Such a temperature differential cannot possibly be sustained witliin the OMS tanks as 
propellant enters through spray nozzles. The RCS tanks do not include spray nozzles 
but, even so, a 55.5*'K (100°R) temperature differential will be virtually impossible 
to sustain. It is concluded that refill will bt' a straightforward operation. 

5.3 HELIUM VENTING 

There are two categories of potential problems associated with venting the LTL vehicle 
OMS tanks; one is liquid venting, and the other is helium entry to the capillary device. 



Figure 5-10. OMS Pixipidlant Tank Pressures During Refill 


The loss of liquid overboard during the venting process is not only an inefficient 
operation, it also represents a corrosion hazard if N2O4 is vented. Because of its 

o ive properties even N2O4 vapor venting must be carefully performed to avoid vapor 
impingement upon LTL vehicle and orbiter surfaces. Liquid venting will represent a 
more serious concern because the vapor cloud formed when liquid Is exposed to (he 
vacuum environment will expand in all directions and be difficult to conTrol. 

negatding the second category of problems, tank venUng must guarantee that the 

^“h:;:'^ "" :r;°"r ~ u-o 

device helium e propellant. However, once vapor resides within the 

few T^nlT 1 of "lolecular diffusion or focused convection 

^s’erl^ devIL " """ ‘"o “t >'«uid from 

5 . 3.1 ALTERNATIVE VENT PROCEDURES. Various alternatives were considered 
tor the tank venting procedure. An overview of each alternative, is p«sc,ite"boTmv. 

1 . Anting while the propellants are settled by the OMS main engines or the RCS. 
his concept will eliminate the possibility of venting liquid overboard. A 
major disa^antage is that the tank cannot be completely vented down. This 

pre^sTe." operating 

RS'"Th s"‘’ propellants settled by the oihlter 

RCS T^his concept also eliminates the possibility of venting liquid overboard 

ncT is^used^ hI*”'’ "'<= OMS tank down since the orbiter 

RCS IS used to settle propellants. A possible disadvantage is that firing of the 

me„^rTjnti™;r 

^ r Propellant settled by atmospheric 

On ^ eliminates the possibility of venting liquid overboaixl. 

One disadvantage is that an orbital altitude < 130 n.mi. is required for aero- 
dyr amic drag to overcome propellant surface tension forces, which is 
substantial^ telow the desired altitude of 200-250 n.mi. Anothe r disadvant- 
age wo be the necessity of attaching a vent duct extension to keep the 
^rrosive vapor of the earth storables from contacting the vehicle surface, 
in ^ extension is based on calculations, plotted 

Lrlw h 1 Prandtl-Meyer expansion angle of an earth 

2 ! ltove The same major disadvantage exists as for Item 

4 . Venting with the propellant unsettled prior to docking with the orbiter. T iis 
concept-approach could result in the venting of liquid overboaixl. which 
violates a major requiiument. It would also require the use of a t ..t tube 
to prevent vehicle contact with the vented propelUmt. 
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HELIUM PAHTIAL PHESSUUE, kN/'m- (psia) 


Figure 5-11. Expantiion Anglo of Idoal N2O4 - Holiuni aud MMH- 
Holiuin Mixuiros as a lAmction of lU'liuin Partial 
P rossuro 


5. Venting through a helium l ecovery system prior (o docking with the orbilor. 
The iibjcctives of a helium n'oovery system are a) to eliminate the loss of 
helium pressurtint as a result of venting i>verboard, and b) to eliminate the 
hjizaixls of venting corrosive fluids. The recovery system, illustrated in 
Figure 5-12, is a closed system. Referring to Eigiire 5-ll, a description of 
the system components is as follows: The mtdecular sieva' is used to absorb 

any N20^ or MMH vapor contained in the vapor mixture. The multi-stage 
compressor pumps helium from the OMS tank pressure up to a storage botilc 
maximum pressure of 33,100 kN/iu” (4S00 psia). However, the helium 
must be passed tlmaigh a radiator between each of the compressor stages 
to reduce vapor temperature to the allowal'le temperatin-e range of the 
helium storage supply tat\k. 
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This concept requires that the helium recovery system be contained as a 
package within the LTL vehicle. 


6. Venting with the helium recovery system following docking with the orbiter. 
The helium recovery system used would be identical to that described in 
method (5). However, the system now would be a unit contained on the orbiter 
as opposed to a unit contained on the LTL vehicle. Consequently, there would 
be no need to provide special attention to the attitude control system. 


The hehum recovery system is a desirable solution to the venting problem since 
it provide:, for the continued reuse of the helium pressurant and eliminates any vent 
hazard. It does represent a major and, perhaps, costly vehicle modification because 
of the development effort required to integrate a compressor, space radiators and 
molecular sieves. Furthermore this hardware addition represents a reduction in 
payload capability and an increased vehicle complexity. 
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5. 3. 2 SELECTED VENT PROCEDURE. The preferred procedure for venting helium 
while minimizing or eliminating the problems of liquid venting is given in Table 5-1. 
The advantages of this approach are that it is simple and requires no development. 
Basically the approach is to utilize the two sets of main propellant tanks and RCS 
propellant tanks for transferring propellants from one tank to another. 

Table 5-1 describes how any given propellant tank can be drained by transferring 
propellant to an adjacent tank. Once drained, the tank can be vented with a minimum 
concern for liquid venting. It is visualized that the procedure can be initiated on a 
signal from the ground or from the orbiter. Also, portions of the procedure will be 
automated so that valves can be commanded open and closed on the basis of continuous 
monitoring of propellant tank pressures and propellant mass gaging output signals. 
Additional assurance for liquid free venting can be provided, if necessary, by com- 
manding the RCS settling thrusters to fire prior to and during all venting operations. 

The Table 5-1 procedure is applicable * N20^ and MMII as well as to the main 

and RCS propellant tanks. At the completion of this venting operation one set of 
propellant tanks will be empty (except for a minimum liquid residual volume) and the 
other set of tanks will contain the bulk of propellant residuals. Tank pressures will 
be approximately 207 kN/m^ (30 psia) in all tanks except for a set of RCS propellant 
tanks. These tanks cannot be vented until after docking with the orbiter is complete 
because LTL attitude control capability must be maintained until that time, and this 
capability will be lost once the RCS tanks have been vented. The two tanks will be 
vented in exactly the same manner as described in Table 5-1. 

The following LTL vehicle conditions will exist prior to initiating refueling 
operations: 

1. One each of the OMS and RCS propellant tanks will contain minimum liquid 
residuals. The other set of tanks will contain propellants in excess of the 
minimum liquid residuals. 

2. Propellant lines are primed with liquid. 

3. All screen devices are primed with liquid. 

4. All tank pressures are about 207 kN/m^ (30 psia). 

The vent procedure of Table 5-1 is better suited to vehicle concept 1, which has a 
second set of RCS tanks, than vehicle concept 2. This second tank set provides the 
capability of first draining propellants from the RCS tanks to be vented while docked to 
the orbiter. This step greatly minimizes the possibility of losing liquid overboard 
during the RCS tani'. vent process. With concept 2, the RCS (OMS) tanks would bo 
vented while containing all propellant residual. 
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Table 5-2. LTL vehicle propellant tanks rel'iU procedure 
(applicable to and MM If). 


1. Attach orbiter propellant transfer line to the LTl; vehicle. This process includes 
the following steps as a minimum: 

a. Structurally engage transfer line disconnect to vehicle disconnect. 

b. Perform leak test of disconnect seal cavities to verify that the system is 
leak-free. This test is performed with GH^. 

c. Vent GHe overboard. The transfer line is now engaged and fully evacuated, 
but the vehicle disconnect valve is still closed. 

2. Pressurize the N 2 O 4 supply tank to TBD kN/m^. 

3. Open valve at supply tank outlet. N 2 O 4 will fill the transfer line. 

4. Open vehicle disconnect valve. A fluid path now exists from the supply tank to 

the vehicle. 

5. Open valves #7 and # 8 . Propellant transfer to Tanks 111 and H2 is in progress. 
(Refer to Figure 5-6 schematic.) 

6 . Close valves #7 and #8 when mass gauging devices indicate the tanks are full. 
Note: The initial tank pressures of 207 kN/m*" (30 psia) will guarantee the tanks 

9 

can be filled without exceeding the 1720 kN/m“ (250 psia) opt:rating pressures. 

7. Open valves #5 and #6 to commence PCS Uuiks refueling. 

8 . Close valves US and #6 when mass gauging devices indicate the tanks are full. 

9. Vent supply taitk to reduce pressure to TBD kN/m~. 

10. Close vehicle disconnect va've and purge transfer line with GHy employing the 
following procedure; 

a. Close supply tank valve. 

b. Open supply tank acquisition device by-pass valve. 

c. Initiate low flowrate GHg purge through transfer line. GII enters at transfer 
valve disconnect and flows toward supply tank, forcing N 2 O 4 into the tank. 

11. Disengage transfer line disconnect and return lo orbiter cargo bay. The LTL 
vehicle N 2 G 4 refueling operation is now complete. 
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-13. Earth Storable Propellant Disconnect Valve 


flex duct assembly rims (he lull length of (he valve ami eonsisls of (wo 
short tube sections, three bellows, one poppet with an actuating rod assembly two 
tniKle vane fittings, one mounting flange, one interface fitting with seals one fitting 
foi actuating the poppet and one inlet fitting. Kxe.-pt for (he seals and (he poppet 

* ^ welded int^i one assemb'v The seals 

imlmibleZi h th. 3041. CllKS machined parts 

assembled with thieaded tiKings. The poppet spring material is 178 Lu-onel. 

The flex duct assembly is the heart of (he valve- system. Oponing or closim. is 
actnimphshed by compressing or extending the bellows with actuateu-s located outside 
he low streani. No dynamic seals are required. 'Hie spherical connection behieen 
he actuator and the intertace fitting plus the ball socket type eonneetion between 
loppet and actuating rod permits angular misalignments between sealing su. faces. 

The actuator system is turn harm.mic (.viv drivi-s. Kach .Irive is intc-grated with a 
hollow shaft electric motor, rhe drives and motors are eonfigurc-d to allow the flex 
c assembly to pass through at (he center line. I'o permit assemblv, each drive has 
. Hhl collar for attaching to (he flex duct assembly. I’his type of ac(uatt>r system 

c. hdnve .no om- ,vav.. p.n.Mau.r, ,lox apli.u-, a n,v„h,r aplln.. a„l a ,lv„an,ic 

»''V>-'-b..a,i„Ba win b,. ,on..h.-.l (plus ivlaiiioral. l„cl«llnR 

- - 


'Ih- outer housing consists of a cylindrical section which is equipped with a 
conical fittlnR al each end. One conical fmi„B has ,w„ ..xtcnal inachined ianda pins 
a nanRc foe „,ai|„R will, il„. conical n.-clon on ,l„. i,ti„ 'n,,. innpcsc fo,- ihc coni.-al 

rcm'!l''''!l im.-hliR„mcnla pins' 

aicuiaft alignment when the cones are pulled together. 

The sccoini conical rilling has iwo nanges; one r,„- a,ta..|nng ,.vMn,,,.i..al 

scTllon and one lor Iho nex ilucl allachmcni. This conical lining p,-„vl,les a rigi,| 

menl ■' i- ”sc,l al n„. rU-x .Im-l allaclH 


m> outer housing cylindrical section has three extei nal longerons for supporting 

uid «.V«h'ms and an internal spider In-am for supporting the actuators. Kach 

MS i - ‘•“‘•'K for attaching to 

layout " '""fiorons. 4'his fitting is not shown on the 


All outer housing parts are L>21<) alumimmi alloy, phe cones can be either 
s ngle spun formed parts or weldments consisting of rolled cones amt machine.t ring 

r)-LM) 


•m ,tovr , V “ I'l" sy^loms are basically 

•u. ov. con >.,■ dovuv pocvorod by an oloci .■omochanioal scow jack actual,,!-. The 

<10 mg pawls aro capable of .■otaling outboaial <-on,bfn,-,l with ;oclal ,lisplacomenl 

•luay Iron, Iho housln,; oono. The pawls can also rolalo iuboaicl followed by an axial 

movomon, iowanl il.o „„usl„e cone. TUis lypo of kinomaiios .x-rmiis grl^i^Hl 

cap, u re w,lh Iho nialing oono on Iho LTl. followed by d, aw down and final alignment. 

The passive seelioa of the valve which atlaches lo iho LTL Is a single piece cone 
and valve h, sly e<|uipiH-,l will, a spring loaded popiK-l. The valve body features a flat 
faced sealing surface o<|U.,,p,d wllh flow passages foi- Inlc-facc purging and seal 
monilonng. |..veept lor Iho poppet S|.rinp, the onlire assembly 1s 2219 aluminum alloy. 

mtvirrr'" " 7 "" 

bc?w, l,T and for purging the lulerfaeo cavity. Small 

lubes will, fle.v loops are rouled from these ,,assages lo solenoid control valves The 

m-cu.ls are aetival.-d with die. other moans tor monitoring leaks is the 

use ot snitlers. <;n,. supply lor the system IndleaK-d can bo from lubes rcHitcd .along 
the lran,sterd„,.| f,-om a small bottle (with controls, attached lo the vairCsh g 
-A Stpuid small bottle (attached lo the valve housing) can also be used to act as a 
ca ch reseivoir when ,, urging the Interface cavity. The use ot bottles a(t.aehed to the 
valve stmpltftes the transfer line assembly since only one electrical cable is requiL. 

An opr-ralion s<-,|Ucnce is shown on Figure r,-l.|. Heferring to step 1, the two valve 

w . ■r^.i'tur.!" ;'h':'r" "n'"'"''' 

wmul captuu's. (ho oono flango on (ho LTL sido. 

U{^ctlii. 1 . Hu htnictural connection is now completed. 

In Step 3 one ot the harmonic drives is actuated which engtiges the primary seals with 
he mating flat lace, .stop lands machined on the flange containing the se.,fs cmlrols 
the uuouitl of .squeeze on the seals. A let* check is ,x-rfo,-med by pres^r rta th 
eavtty be,w..eu the two ,, rimary seals and monitotv,, tor pressure d^iav. 

The second harmonic drive Is acliiated In Step 4 which o,,cns the valve (or Ir-uisfer 
IWmg transfer, the main .seal Is red with a sniffer I.xated In the G^y 


r's?' n' ‘''r'''' >'f l>' "IH-llant transfer, as indicated In Step 5 ■„« 

se-,1 on 1^ IT "unsfei- line Is |.urged and the poppet 

.«;di: tiu int:;.te “ 
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step C. .he n.a.„ sea, Is disengaged, .he la.ches „.«ned, and ,he valve sepavaledhy 
the RMS. 

5.4.2 HEU«M BOTTLE ..ESB-^PLY. 

helium resupply during refueling , pelo id bay) to the vehicle through a 

helium from a sloeage .a,* (loea.ed ,n ,he „„aula.- 

s't. a,.:ehed - “ 

however, as compared to only one tor a .ransic,- line. 

The ortiltor remo.e ^ 

rser.rr.::rr SVIU o„,y hy .he dlseomme. 

structure, ai. l not by the RMS. 

, 4 sfra,. f,-r-.TTi orbitei' - The transfer line approach will have an 

5.4,2.! Hel.um nermanenlly eonnee.ed ,o the dise.mneel 

eleelrical power cable a ac e^ transfer line musi have m.*ility which in 

system located at the end of • , vioil ht^sos swivel type joints with 

torn requires neaJoi,as eUher in .he to,-m be 

dynamic seals, or loop bends in the tubing. c 

applicable due to high pressure requiremen.s The se t h ^s. 
bends presenis - 

oncration is of concern because a v , m i i 

opeiauo .^i the orbiler and at tlie vehicle, 

will be essentially unsupported except ai 
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only one of which was considered acceptable. 

5 . 4 . 2.2 Helium Modules - m- preferred melh.a, tor l.TL v..hbdo holium resupply ,s 
to use helium bottle mixlules. 

Basically the pre-loaded helium m.xlulus are picked up wi.h au 

^atorna, LTI. iutcrtiiccs which iu «,r„ luive iu.ercouaeeiing plumbing io ihe LIL 

systems. 

Detail "AO ot Figure 5-3 shows a Licttog iysaowl a 

bottle equipped with atangeniial suppoil , has a fitbaB 

Shutoff valve and a motor driven disconnect. Ihc tangi nt at 

Zc» inlcrtaocs with Iho HMS. Th.- oaly re,miretoe.h <'.e ease o, Shui.U 
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Rec^>iTim»:?nded so3utlon. 



would be the addition of an end fitting. This fitting would include a power cable from 
the Shuttle for actuating the latch and disconnect systems. 

A typical transfer sequence consists of connecting an RMS to the helium module; 
placing the module loosely (wide tolerances) into a mating cone on the LTL; actuating 
the latches to an inboard position to insure a gross capture and finally moving the 
latches in an axial direction which completes the structural connection. With the struc- 
tural connection completed, the disconnect system is energized maldng a seal between 
module and vehicle. The socket portion of the disconnect contains the seals and the probe 
section on the LTL is float mounted to compensate for misalignments. Since tempera- 
tures are basically ambient, the seal system consists of "Q’ rings equipped with backup 
rings to prevent "blow out". The seal design includes provisions for easy replacement, 

5.4.3 ZERO-G MASS GAUGING. A zero-g mass gauging system will be as important 
to refill of earth storable vehicles as to POTV and COTV refill. The measurement of 
propellant mass quantities is critical at two intervals during on-orbit refill; when 
minimum liquid residuals and when final tanked mass miB t be measured. Total 
propellant load must be known to verify that sufficient propellant has been tanked to per- 
form a mission. Propellant quantities in excess of requirements could unnecessarily 
penalize the vehicle mission. A continuous mass measurement during the latter stages 
of tank fill would also prevent the protential of tank over-pressure caused by over-fill. 

The second occasion where mass measurement will be necessary is during the pro- 
pellant tank venting procedure described by Table 5-1. Step 5 of this procedure 
states that a signal will be sent to terminate propellant transfer from one tank to 
another when the mass gauging device indicates that a minimum liquid residual 
remains. Screen gallery liquid replenishment (to malie-up for surface evaporation) will 
be provided from this residual liquid volume. Less propellant than this minimum 
may not be sufficient to maintain communication with the screen device; resulting in 
vapor penetration due to the loss of liquid replenishment. Substantially more residual 
than the minimum will increase the probability that propellant can be vented overboard. 
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EXPERIMENTAL MODELING 


On-orbit fill and refill of a propulsion tankage system is examined in this section to 
determine what e^qieri mentation is required to demonstrate this capability in a zero 
or low g environment. Emphasis is placed on identifying the major scaling para- 
meters that must be satisfied in order to model the thermodynamic and fluid mech- 
anic conditions of a refill operation. The influence of fluid properties and model 
tank seale on the validity of test results was also evaluated. Per the study guide- 
lines, the analysis effort was directed at conducting these experiments in low earth 
orbit inside the Spacelab. 

Modeling or scaling analysis will be used to determine the feasibility, and subse- 
quently the conditions and configurations, of the shuttle experiments for providing 
data useful in determining procedures for refueling a space-based vehicle. This 
discussion on scaling will focus on our understanding of the fluid phenomena as well 
as the complexities involved in experimental modeling. 

Based upon the analyses performed in sections 3, 4 and 5, the important areas of 
cryogenic and earth storable propellant tank on-orbit refill have been identified. 
These areas, for a cryogenic stage, are tank vent, prechill and fill. The only area 
of concern for an earth storable stage is tank vent (experimentation is not recom- 
mended, as discussed in section 6.). The influence of such factors as helium present 
within the propellant tanks, and partial acquisition devices was also determined. 

Not all of the important elements of a refill process should be subjected to a rigorous 
experimental program. Itather, only those elements that require verification, or 
processes which phenomenon is not well understood, should be considered for experi- 
mentation. As an example, propellant tanks vent will bo an important part of 
any cryogenic refill operation. There is not a compelling reason, however, for per- 
forming such experiments in space. Means can readily be devised for safely vent- 
ing the propellant tanks without just performing orbital tests. Those areas requir- 
ing experimentation are listed below. Specific outputs arc identified that will provide 
design criteria and procedures for refueling operations of space-based OTVs: 

1. Tank Prechill - Obtain empirical data to establish relationships 
for scaling peak tank pressures, prechill times, and vent mass 
requirements. 
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2. Tank Fill - Obtain empirical data to establish the Inlluence of 
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6. 1 RECEIVER TANK SCALE 
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6. 1.1 RECEIVER TANK SHAPE. The OTV includes liquid hydrogen and liquid oxygen 
propellant tanks, both of v/hich will be refilled in space. A single receiver tank will be 
selected for conducting orbital refueling experiments, and the question is, which 
pixipellant tank configuration shall be tested ? 

It was shown in Section 3. 3. 2. 1 (Figure 3-14) that the liquid oxygen propellant tank can 
be refilled more easily than the liquid hydrogen tank becuase it will not experience 
excessive pressure during refueling. The conclusion was made, correctly, that 
liquid hydrogen tank refueling should be subjected to experimentation in order to verify 
the selected refill technique. However, it will always be more difficult to refill any 
tanli with liquid hydrogen than with liquid oxygen; fluid property differences are 
responsible for this condition. Consequently, the difficulty in LH 2 tank refill is due to 
the propellant, not the tank shape. If liquid hydrogen is eliminated as a test fluid, what 
justification exists for using the LH 2 tank configuration? 

It appears that adequate mixing of the liquid and vapor phases will be easier to attain 
in the LO 2 tank than in the LH 2 tank. This conclusion seems valid if we compare 
two tanks (having the same volume), where one is cylindrical and has a large length- 
to-diameter ratio, and the other is a sphere. Intuitively, uniform mixing in a cylinder 
should be more difficult to achieve than in a sphere. Selectlr>ri of the LH 2 tank con- 
figuration will guarantee that the most difficult configuration for orbital refill will be 
tested. 

6.1.2 TEST SCALE, In general, when an experiment plan is developed it is neces- 
sary to compromise between the desire for a full scale test program and the limita- 
tions imposed by resources and facilities. Large scale tests are always desirable 
because the uncertaintj' of extrapolating test data to a prototype condition can be mini- 
mized. Thus, for the Spacelab experiment, the desire is to design the largest tank 
scale that can be accommodated. In this case, test tank size will be limited to a 
package that fits within a doublerack structure, Figure 6-1. Design details are 
provided in the following discussion. 

6. 1.2.1 Preliminary test tank design. In Figure G-l, an experimental apparatus 
is shown positioned in a Spacelab doublerack structure, which will demonstrate on- 
orbit propellant loading of OTV's. This apparatus consists of a scale model OTV 
LH 2 tank suspended within a vacuum- jacketed shell. The intent of Figure 6-1 is to 
determine a basic tank size for the apparatus wtliin the nominal envelopes described 
by the Spacelab payload accommodation handbook. Reference 6-1. Details for plumb- 
ing, wiring and supports are emitted. For this case the areas controlling the tank 
si'jc are Zones "B" and "C" shown cross hatched on the layout. Zone "B" is 
reserved for payload cabling and Zone "C” is reserved for subsystem access. 


The apparatus is positioned near the right wall of the rack (as viewed by the opcnitor) 
so that the tank bulkhead clears the corner of Zone "C", Tank length is then limited 
by Zone "B". Adjustments between diameter and length were made within these con- 
fines to arrive at an acceptable L/D ratio. The tank showm has a 457 mm (18 in. ) 
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Figure 6-1. Orbital afill Experiment Installation 
in Spacelab Standard Double Rack 
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diameter and a 1092 mm (43 in, ) overall length. The tariK is equipped with an outer 
shell having a 559 mm (22 in. ) diameter and a 1194 mm (17 in. ) overall length. The 
selected location offers a volume directly below the tank bottom bulkhead which can 
be used for plumbing and wiring p rot itis ions as shown on the layout. Additional ad- 
justments in tank diameter and length can be made by minor infringements into 
Zones "B" and "C", For example, it appears that the bottom bulkhead could cut 
across the corner of Zone "C" without seriously compromising accessibility. For 
this effort, however, the tank size shown is the maximum within the nominal en- 
velopes. 

In Figure 6-2, details are shown for the experiment apparatus using the diameters 
and lengths established in Figure 6-1, The puipose of Figure 6-2 is to generate a 
detailed weight breakdown for the tank portion only of the apparatus so that the main 
drivers can be identified. This weight breakdown in turn was used to determine any 
revisions to the initial design in an effort to further reduce weight. The outer jacket 
is included to show the general relationship within the tank and the plumbing. 

The tank is a 457.2 mm (18 in. ) dia x 762 mm (30 in, ) length cylinder equipped with 
ellipsoidal bulkheads (a/b - 1.38) at each end. The material is 2219-T87 aluminum 
alloy and the minimum gage is 0.51 mm (0. 020 in. ). The tank is supported from 
the outer jacket with three pairs of struts at one end and three drag links at the 
opposite end. Three fill manifolds are installed inside the tank. Provisions for 
ground fill and drain, vent and electrical, are also included. To permit hardware 
changes during ground tests, one 132. 4 mm (6. 0 in. ) I. D. access opening is pro- 
vided at each end. The extcrmil surface of the tank is equipped with strip heaters 
and a multilayer insulation (MLI) blanket. 

Ileferring to the figures, the bulkhead labt'lled No. 1 has two 1. 02 mm (0. 040 in. ) 
gage weld zones. The first zone is for the access opening ring and the second zone 
located at the girth is for the butt weld between the cylinder and bulkhead. This 
second zone also contains three tangential fittings for the drag link supports (see 
detail "G"). The bulkhead labelled No. 2 contains a wide weld zone at the girth w'hich 
contains three pairs of tangential support fittings (see Detail "C"), and the tank wall 
penetration fittings. This zone also provides the gage increase for the butt weld at 
the cylinder. A second weld zone near the top of the bulkhead is for the access open- 
ing ring. The cylindrical portion of the tank has one weld zone at each end and one 
running longitudinally. Support lugs for the fill manifolds are welded to the inside 
surface of one of the end zones. 

A typical fill manifold is a length of aluminum alloy tubing equipped with a tee fitting 
at each end. The side branch of each tee fitting is threaded for attaching spray heads. 
One of the tee fittings has a protruding rod section (sec Detail "J") which engages 
with the support lug attached to the tank near Bulkhead No. 1. This is a sliding sup- 
port which provides restraint in any direction normal to the tube while permitting 
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Figure 6-2. Test Tank Design Details 
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to this penetration fitting prior to installation. “ ‘ ““'^><1 to welded 

J^u!.rv™r\tari::^:^t'h':ri^ ^ tobuHthead No. . ,spri,vldedfor 

penetration fitting at bulkhead No 2™"Th” f’ ™"! *”*’* •<> “ tank wall 

in aLnner r.l^r to^ha?d;r^^^^^^^^ LtlS:!’"-- 

St “ r:r s,rrr;:.srtttfr tr.; 

sHSrHrPT"*™ 

and an altenutte app AlT™ ''®" 

the tank are bundled Into a single cable and supported 

as coatings dirertly’^e^sitS^n'^e tTnk wl^ blankriT'^’ 

glove over the ^ank. and strio or nln t ’ ^ '^ith a 

to versatility and simplicity, the strip ^ypT wa^ seleccnd ""TheV^ T 

inately 1. 5 in. wide and are a 'ranapH in . n- f heaters are approxi- 

of the cylinder. This cir.^umferential natte Pattern along the length 

cr a longitudinal type pattern can be used simil^^to Z bulkheads, 

tviring is supported from the tank waU ^tluCstZ'V"." 
wire and bonded to the tank Thp ««• ‘’^^P® ’'^hich are lapped over the 

bulkhead and routed through the MLI h^n^t afa sfng"e poin!."^^^ ' 

lation (MLI) blanket^'^xL' wl'Tk^ ^ multilayer insu- 

two circular cap sections located on th^ends of^th^bl^kh °"h with 

attached to the tank wall using "Velcro” Lano f ^ bulkheads. The sections are 

are bonded to the tank wall and the hook 001 ^^ portions of the tapes 

in the blankets provide clea Cutouts 

ranees tor .he plumbing, wiring and support struts. 

^he mtteria^ 1 f 221 P-°w removable ellipsoidal bulkheads. 

(30 PSI, extenia, oressul “ 307 kN/m2 

whloha e attached to the tarsu,:;"^^ « each cud) 

which Interface with the bulkheads and exterilal fittlnr. “’®‘’ ‘"'“‘Porale n.unges 

ture. The flanged connections between l^lZin f ^ ‘Oe rack stntc- 

or radial seating "Cono" seals An , , '^J'“e1er use metal ■•O" rings 

head only through cup/sleeve fittings! ™e'cup fftt”*'”^ circuits penetrate one bulk- 

Ihe aleove Is welded to the bulkhead. ' The ends of the^cup'^'- tt^''*'"'* '^'“'"'’*"8 end 

e enas ot the cup attings are sealed to the 
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-leeves with peanut type weidu /.. j 

«TplaTufwe^?s^™e^“'^ "'■'=" -Ptaolug tte Mkle~® 

rr.a=-" — 

- attaching a duct 

Refernng to the parts list in p- 

r.^d :/„•<,! r -“p-p •auh as. 

total weight R- accessories whicf. ' ^ including 

“■e aeeriy iT -X cre^rai''.'^--* 

^ise accessibilitv to th#^ f ^liniinated if wc^ n portion of 

Oe -eo^pliehed t 3i™,v f tr^"- "" <=-"'P>e aooraa "th 

The Width of weld LT ^ ‘’“''^*=<1 No. l off at the 1 h ‘”‘®'^°'' =“ 

pem.it eeveraT ues t„ ““' W“a>ly than he '■“' '^welding. 

the procedure a, no':, r* This method he u”'" ‘“- > “"P™ <° 

.age 0, on,y':.;rmm‘; 7 1 

eleetrical penetralio,, fitting n'lB . P“aaible area for weight ITT”™ 

“«ng the design shown 1„ I^lai^ “ “““ ‘^mmed fmm T ‘V”' 

ST' "SIZ'T"- ■'• ““eS^XI'T” 

the conductor pins i ‘ ^ *”>ago to the core IZ ■ , '^^'fPP'hP'P “’<»Ud 

tration fitting a l *on *^th the access hoi tyhich contains 

^ - .a. -hl-:^ - 

A weight and configuration hccesso.ies. 

-r::::ht:hr,:::.~^ «• a 

‘a 0. loa Of the POTV. ““ ^ ‘'-‘."ed into the Spacelah douhreraintmeture^ 

Tiihlo 1 _ 


Tank Weight SiunmaiT 
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I able G-2. Modol Tc'st l ank V'oluino-Io-Maiss Hatio Coinparisou 
With OTV Lllo 1’i‘ototypo I'ank 


Tank 
Sc ait' 

L* 

TiUlk 

Di anu'tcr 
cm (In'i 

C 0 n ve n tie R ai Do i n 

Nou-convcntional Dfsi^r. 

V M 

nrV lb) 

V» M»U> 

V M 

ni‘^ kt;(H‘^ lb) 

\'* M*(l) 
nr’ H') 

- 1 OS 

45.7(1S) 

.0C78 (.438) 

. 105 

— - — 

. 0410 (. 645) 

. 155 

.CO 

85.0(33.8) 

. 0874 (1.376) 

.331 

. 1045 (1. 646) 

. 306 

,30 

ICS. 8(50. 7) 

1 .1168 (1.830) 

.44C 

.1257(1.080) 

.476 

1 


Proton-po Tank Moasurom eiUs 

Volunio (V^ - 1U> 111 '* (-rniO ft'S 

Mass (M) = .147 kjT (!)SC. Ibl 

liiamoler = 4.29 in (U!9 im 

Cvlimter lonKth = ;‘>9. m (2;14. 2 ini 

(11 (*l refers to ratio of nuHlel-u>-protot>po. -\n oxaot (ami iiloali sonlinn >'f tank 
properties would result in V’ M’ - 1. 


G.l-2.2 Larimer tost tank dpsij^is . Tht' inexact sealing of (he tine-tenth sealt* model 
will necessarily create a variance between model and prototype test ivsults. This 
variance is related to the volume-to-mass ratio differenct's briwi'cn tank scales, 
which is quantitfitively evaluattHl in section (>.2. There \ras an interest in de- 
termining how the volume-to-mass ratio would vary witli t;ink scale, t'onst'quciitly, 
a pix'liminary tlesign was also performed on a two-timths and a three-tenths scale 
tank. The two-tenths scale model is basically the saivie as (liat tU'seribed in Figures 
(i-l and (i-2. The only differences are minor items such as weld land areas, plumb- 
ing lengths, support fitting si/.es and quantity of support lugs for (he inti'rnal plumbing. 
No outer jacket is shown since (his si/.e tank would be transported outside tlie Space 
lab. The tank would probably be suspended from a truss eylindi'r which in turn intt'r- 
faces with the shuttle payload support jounials. 

lU'ferring to the parts list in Figure the total (anl< wt'ight is 10. S kg (2;i.8 lb) 
of w'hich 22 perctmt is accessories. If the access openings aix' eliminatt'd :nul th^' 
electrical penetration fitting simplified as described in Fayout No. 2, (his total tank 
weight is reduced to (*. 0 kg (19.9 kg), ot which 17 peivent is aect'ssorit's. 

Figurt' G-t is the same as Figure G-2, e.xcept (he tank is a three-tenths model. For 
this ease, the basic wall gage was incivased from 0.51 mm (0.020 in. ) to 0.G;t5 mm 
(0.025 in.). Minor iten s such as weld land areas, plumbing lengths, plumbing siz«>s, 
and quantity of support finings have been increased. Hesults from tlu'se two designs 
art' summarized in Tables G-1 and G-2. 
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Figure 6 3^ Test Tank Design Details (0. 2 scale) 
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IliBIBiiiliiiilik 


TANK PRESSURE 


6. 2 PRECHILL MODELING 

The prechill process that has received much attention during this study is illustrated 
by Figure 6-5. The process will be accomplished by 1) metering liquid at a high 
vel^ity into the receiver tank for a fixed duration, 2) allowing heat exchange between 
fluid and tank walls for an unspecified duration until tank pressure has increased to 
the vent level, and 3) venting the tanks back down to near zero pressure. The early 
prcchill penod is characterized by a complex thermodynamic and fluid mechanic pro- 
cess due to liquid impingement on the hot tank walls. The resulting forced convection 

nucleate and film boiling phenomena are extremely difficult to analytically model or 
scale. 

Fortunately, it can be shown that this initial period of tank chill may not be signifi- 
cant to the overall process. First, the heat exchange during t le limited boiling period 
represents only about ten percent of the total energy ix-moved during prechill. Second 
we should be more concerned with the tank conditions prior to tank vent rather than 
witn the initial transient. The initial transient pressures will be well below the near- 
steady-state pressures if propellant inflow is adequately controlled. Figure 3- 15 
indicates that precision metering of LII 2 is not needed to avoid oveipressure during 

prechill. Thus, effort c .a be concentrated on scaling steady-state conditions of the 
prechill process. 


WAir PCRIOD FOR TAN* 

WALL ULLA6E HEAT EXCHANGE 


PEAK PRESSURE 


PRECHIU TIME 


Figure 6-5. A Prechill Procedure Can be Identified to Eliminate 
Excessive Tank Pressures Due to Wall Boiliie’ 


r 



PRESSURE, kN/m (psia) 


6.2,1 SCALING PEAK PRESSURES, This is an important requirement because 
excessive pressures must be avoided during POTV on-orbit prechill. Peak pres- 
sure will occur as tank and fluid temperatures reach equilibrium. Figure G-G shows 
the theoretical maximum pressure for a POTV liquid hydrogen tank as a function of 
tank thermo-physical properties and geometry. This figure also show's that tank 
volume-to-mass ratio (V/lVi) is an important variable. 



Figure 6-7 suggests that the pressure scaling panimcter is PVVm. These curves 
have been generated for a V/M range of . 125 m'Vkg (2 ft'Vlb) to . 259 m'Vkg (4. 1(5 
lb) (V/M for OTV is ,259 (4.16)). This figure shows that PV/M is a function of initial 
tank temperature, tank material, and propellant. By selecting these variables to be 
the same for a model test as for the prorotype (full scale) vehicle, the resulting 
PV/M will also be the same. Expressed mathematically, (I’V/M)^^^ (PV/M)p, or 

P*WM* = 1 

where: 


p = 

peak tank pressure during prechill 

V = 

tank volume 

M = 

tank mass 

subscript, m 

model 

P = 

prototype 

superscript, (*) = 

the ratio of model to prototype. 
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PV/M, kN-m/kg (psi-ft'^/lb) 


When model test variables are selected such that P*V*/M* - 1 
then P* . . 1 


(6-2) 


Equation 6-2 means that p rototype tank peak pressures will be equal to model test 

.a® peak pressures. There are other boundary mnditions (discussed later) to be 
satisfied for the above statement to hold true. 

If test constraints are such that V*/M* ^ 1, then 

P* - MVV^ or Pp ^ P^ (VVM*) (6-3) 

In this instance, Pp is determined by multiplying the observed P^^^ by (V*/M*). 



Figur 1 6-7. PV/M is a Parameter for Scaling Peak Pressures During Prechill 


6. 2 . 1 . 1 j^del Tank Size Influence. Test tank scale will have a major affect upon 
the peak pressures experienced during experimentation, because of the VVM* influence 
Figure 6-8 shows the relationshio WM* and tank scale (L+) , where L is a 
characteristic tank dimension. Figure 6-9 shows the iniluence of scale upon nodcl tank 
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pressures when modeling of PCn'V peak pressures is atl'mipted^ Referring to section 
3. 3. 2. 5 (Figure 3-19), a POTV peiUv pressure of about (i9kN/m (10 psia) was selected 
as being acceptable for a prechill procedure. The .108 scale model (for Spacclab) 
would experience a pressure of nearly 090 kN/m^ (100 psia) under similar conditions. 
Thus, it is seen that prechili experiments conducted on Spacelab would produce I’esults 
substantially different from what w'ould be predicted for a prototype vehicle. 



Tanlv Scale, 

Figure 6-8. Test Tanlv Scale Influence on V + /M* 



Model Tank Pressure, kN/m^ (psia) 


Figure 6-9. Peak Pi'echill Pressures May Be Kxcessive for Small 
Scale Experiments 
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MiMiBiiiMaaiiaL 


i'lME SCAUNG. A second major requirement of the preehill experiment 
wiU be to develop a time sciiling parameter applicable to the tank charging process. 
This is ail importmit objective because we necfi to establish propellant transfer 
timeUnes. A potentially useful parameter may be devidoped by assuming the receiver 
tank chai-ging process to lx> equivalent to the transient heat conduction process of a 
lumped-mass system. Consider the preehill condition describt'd by Figure 6-10: 

^2 initiated at zero time. 

2. A convective heat transfer coefficient exists at the end of the flow period 
as a result of inflow conditions. 



Figure G-10. (IvA/m Cp)t is Applicable 
Preehill Process 


as 1 ime Scale Parajnetcr for 




3. The temperature- time history as indicated by Figure 6-10 can be character- 
ized by 


T - T 

®_ _ -(hA/mCp)T 

T - T “ ® 
o “ 

where 


T 

T 

o 

T 

h 

A 

m 

Cp 

T 

e 


= Fluid temperature at time, t 
= Initial fluid temperature 
= Equilibrium temperature of tank and fluid 
= Fluid/tank-wall heat transfer coefficient 
= Tank wall surface area 
= Fluid mass 
= Fluid heat capacity 
= Time 

•= (hA/mCp) X . dimensionless lime 


(G-4) 


fl is obvious from equation 6-4 that the dimensionless temperature parameters will be 
identical if 0* = 1. Furthermore, the actual temperature changes will be identical if 
we impose the additional requirement that 

m*/M* = l (G-5) 


where 

m = fluid mass 

M = propellant tank mass 

This requirc-iient is derived from the exj-ircsslon for tank-vapor energy exchange that 
occurs during prechill. The following expression describes energy exchange between 
tank and vapor. 

mC AT =MC at (G- 

where 

AT^ = fluid temperature change 

^T^ = tank wall temperature change 


C 


heat capacity 
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subscript 


w = tank walJ 

V = fluid vapor 


Takinti the ratio of model to prototype gives 


m* * 

V 


M * <^T ♦ 
w 


Ol' 


(6-7) 


m * = .^T */ AT * = 1 

w ' V 


(6-8) 


By imposing a) the requirement of (>-8 and b) the same initial tank tenperature for 
nuxiel and prototype, we ai e assured that tank temperature changes will be identical. 


All variables of the dimensionless time parameter, with the exception of h and A, can be 
described. However, Fquation 3-11, shown in Filling of Orbital Fluid Management 
Systems, NASA CR-159404, relates h to fluid properties and tank inflow conditions. 

This relationship is given as: 


h 


PC 

P 


where: 




1/3 


C\ 


(mv'yv)// 

p~ 


1/4 


c 


N 


PR 


m 


V 

V 


C 


1 


2 

rhv*' 

v 


= Fluid density 

= Constant-pressure heat capacity 
= PrandSl number 

= Fntering mass flow rate 
= Fntering fluid velocity 
= Tank volume 
= Fluid viscosity 

Empirical coefficients 

= Fluid inflow parameter 


(6-9) 


It will be now possible to identify the relationship rcc(Uirwl to satisfy 0 * = 1. This 
development is given below for the case where tank nu.terial are the same for both 
model and prototype conditions: 
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Normalizing the dimensionless time parameter, we have 


$* = h*A*rVm* (Cp* = 1) 


'm* \/M + V M * 


From (6-9) we have 
h* 

n..* * *Ar* /m*\/M+v M* m* 

Bui p- =„vv=(.— )( — )=— since -- 

Thus, (S-11) becomes 

h* = (m*v*^/V*)^^^ (M 


= 1, from (6-5) 


Combining 6-10 and 6-12 results in 

• 2 1/4 1/2 

9* = (m+v* /V*) ' (M*/V*) ' (A* T*/m*) 

m * = m */ T * 

Combining 6-13 and 6-14 gives 

2 1/4 1/2 

e* = (m’^r* /V*) (M*/V+) ' (A Vm+) 

2 

now, A* = L* 


Also the fluid inflow parameter ean be modified as follows, 
in*v*^/V* = m*^/ (A^*^V‘^) - in + ^/L'"'^ 

where: 

A|, = nozzle flow' area 
Combirung (6-15), (6-16), and (6-17) gives 


S'* 


- (m*^/L*V^^ (MVV*)^"^" (L*Vrfi*) 



1/4 


(M VV*) 


1/2 


Finally, in order to have similarity between model and prototype dimensionless 
temperature parameters we reejuire that = 1, which will be satisfied if 


(LVm*)^^'* (M VV*)^'^^ = 1 


(G-10) 

(G-11) 

(6-12) 

(G-13) 

(6-14) 

(6-15) 

(6-16) 

(6-17; 


(6-18) 

(6-19) 


G-20 


An experiment model test package design v.'ill be ncavily influenced by such variables 
as tank size, test duration, Howratc and velocity requirements, and the system 
pressures needed to provide these flowrates, I'lowrate, m*, can be obtained from 
(6-19). 

( ^ = (^1 or, m* = L* (M W*)^ (6-20) 

Velocity, v*, can be detcmiined from (6-20), 


= n+v*A * =v*A *(p* = l). Therefore, 
r* n n 

L* , 2 nvivv*)^ 

= — (MVV*) = ■ 

n 

Time, r*. is determined by combining (6-14) and (6-20), 


(6-21) 


J2_ 

m" 


m’ 


L* (M VV*) 


■(30 


1 ^ L* 

(MVV*) (M*/V*) 


(6-22) 


The three flow test variables of equatioi..* (6-20) through (6-22) have been determined 
for the actual model tank confl^arations o^ Table 6-2, rnd are given in Table 6-3.. 

Note that a considerable variation exists in the flow parameters selected for the actual 
and "ideal" Sjjacelab exiK'riment test tank. Unquestionably, the flowrates and velocities 
indicated by Table 6-3 cannot be attained for the actual tank model. Consequently 
POTV prechill cannot be exactly simulated with 0. lOS scale model Spacelab tests, 
even if liquid hydrogen is used. 


Table 6-3. Model tank scale influence upon test variables. 


Model Test 
Variables 

M 

odd Tan] 

Scale, 


0. 108^^^ 

0.2 

0.3 

(2) 

0.108' 


9.80 

1.825 

1.536 

.108 


839. 8 

45 6 

17.1 

9.26 

T ♦ 

1.28 X lo"^ 

.013 

.040 

.0117 


(1) Tank model for Spacelab experiment. 

(2) Kxactly scaled model for Sjjacelab experiment (V*/M* = 1). 
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6. 2. 3 FLUID SUBSTITUTE. Liquid hydrogen cannot be used within the Spacelab 
under any condition. Liquid nitrogen is the only cryogenic alternative that may be 
acceptable. The liquid nitrogen quantities allowed within the Spacelab will be 
determined by a payload safety review group which convenes to evaluate experiments 
planned for the Spacelab. Any experiment which requires large quantities of liquid 
mtrogen would be caref-’lly reviewed to assure that inadvertent spillage would not 
create a hazardous environment. It was necessary to assume for this study that an 
experiment test package could be designed to circumvent potential problems, since 
a detailed design effort was beyond the scope of this effort. 


Before pursuing the influence of LNg upon experiment modelling, a point will be made 
about why non-cryogens may be unsuitable for this experiment. It is believed that 
tank pressure during much of the fill process will be heavily influenced by heat and 
mass exchange between the liquid and entrained vapor. Heat and mass exchange is 
directly proportional to liquid- vapor surface area which, in turn, is dependent upon 
whether fluid agitation has created individual bubbles or a froth. Now, it has been 
observed that a frothy condition can readily be created when a non-cryogen, such as 
Frdon, IS mixed with a vapor. Conversely, it has also been observed that LH. and 
LN 2 not create a froth under similar conditions of agitation. This different in 
teha^dor which may be difficult to quantify, coupled with the complex nature of the 

tank Ml process has led to the conclusion that LNg is the only viable fluid substitute 
tor the orbital experiment. 


Prechill. The scaling effects of LN 2 upon the prechill process can be determined by 
employing the following relationships 


e * 

h* 


where 


(h*A* T*)/(m*C *) (from Equation 6-10) 

P 


(6-23) 

(from Equation 6-9) (6-24) 


Cp = fluid heat capacity 

p = vapor density 

M = vapor viscosity 

Pr - Prandtl number 


superscript, (*) = the ratio of model to protot}^)©* 

In this discussion, model refers to tests conducted with LNg and prototype refers to 
Hg tests. Also, for convenience, it is assumed that the model and prototype scale 
are t e same. That is, L* = A* = V* = 1. 0 where L = characteristic tank dimension 
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:ind A = tiuik surface area. 


Now, the following fluid property ratios apply for nitrogen and hydrogen: 

p* = 4.0 

C ♦ = .088 

P 

Pr+ = 1 

A * = 11.4 

JLj 

Since w^e are at liberty to select any value for p*, it was decided to select that value 
which results when nuxiel test :uid prototype peak prechill pressures are the same. 
This constraint was fou!id to result in p* = 6.2, from computer simulations. This 
is also the same value for m* since its relationship to density is 


p+ = m W+ m* (since V+ = 1) 


(6-25) 


By working with Equations (6-23) and (6-24) and applying the hydrogen- nitrogen 
property ratios, it now is possible to compute the influence of nitrogen upon the model 
test parameters. First, Equation (6-24) combined with Equation (6-25) can be simpli- 
fied to the following e.\pression when substitutions are made for p*, Pv* and V*. 


h* = 1.41 (m^v*) 


2,0.25 ^0.5 


m' 


C ♦ 
P 


Combining Equations ((5-23) ;md (6-26) will result in 
0* = 1.41 (m *v* ) iVtii* 

and substituting m + = 6. 2 gives 

0 9 ’^ 

0* = 0.57(m*v*“) T* 


(6-26) 


(6-27) 


(6-28) 


From the continuity equation we have 


ni* = p^ * A*v* = *v* = 11.4V* 


(6-29) 


or 


V* = 0.088 m + 
Substituting (6-30) into (6-28) gives 
ff* = 0. 17 T* m 


(6-30) 
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(6-31) 


Also 




= rnv T* = G. 2/r * 
which when substituted into (6-31) gives 
= 0.67 

Finally, setting 0 + = 1 we have 
T* =4.96 

Substituting (6-34) into (6-32), and (6-32) into (6-30) gi 


(6-32) 


(6-33) 


(6-34) 


gives 


tSci* = 1.25 


= 0.11 


(6-35) 
(6-36) 

" H ^‘■bs.upting LN„ for L,^ lh.,uld ’ 

The primaiy disadvantage with using LNg as a test fluid is that there are fewer 

6.2.4 PREDICTED PRECHILL TEST VARIATIONS FROM THE IDF AT A 

precwn simu,a.i„„ coono. be achieved ueleg ba„id hyd""^.t 

.podal hydvogea ,a„h. It weald be useful, however, f„ cutnlify th. dov^ul “1 Ihe 
ideal model test condition. To this end the hvprtt«! ♦ <>m the 

to predict propellant ta.^ temperature and 

conditions Program results are shown in Figures 6-11 and 6-12 for the assumed 
flow condition of saturated hydrogen vapor entering the propellant tank. 

environment limitations . Figure 6-11 oives nrodiotoH w.. n . 
tank temperature versus time from prechill initiation lor sovcral'lesl tHu^e,mfi^ra» 
imd flow conditions. The abscissa represents the product of mcaiei'los; ,l„,e Sh^. 
time ratio obtained from liquation (C-22). Case 1 data represenis an exact slmulallon 
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tank wall temperature, K (R) 


NOTES 


1. cu^es are "fTi'PRES” computer runs simulating prechiU tests conducted 
with a 0. lOS scale LHo tank. 

Prechill tests simulate the full scale conditions given in Table fi-4. 

duration is "model test" time divided by 
the tune scale lactor of Table G-4. uiviueu oy 


4. Case (1), (2) and (3) conditions are identified in Table G-4. 



Figure G- 11 . Predicted LH 2 OTV Tank Temperature Histories 
From "in' PRES" Computer Simulation of 0. 108 
Scale Model Prechill Tests 
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where V*/M* = l I'h 

tank conditions of Tabl^ ' ^Cas e'' sh obtajicd for the ftill scale 

substantially lower if 

deviation is small compared to de.iaa^TwLh'^Lul'tL”^ 

(although velocity and flowrate are matched), Case 3. ^ 'uatched 

iZZ '°r 

for the non-ideal model test case Also* n” 1 charge and vent cycle is shown 

those of the hill scale ta.J<. Similar^ Case ^ to 

those of Figure 1. That is, an order of maanih' '/ ^ i csults were patterned after 

™uence on results, whereas an ordL of 

.ho 

coiiveclioi, heal liansfcr process Is domiirated bv theV' ‘‘ i’ ‘''oo 
created by ihe eaterioo propcllanl ™d hi h n o”^ “'"«'0«<>n mechanism 

model tests as tor the;' „bC c^fl ' "'oehanlsm Is the same for 

~.o to hca, e.ycha.,e 

cond it ions i^^qu i red fl),- similarity Picchill tests is tint in- 

be sufficient to guarantee Ihe dominance of ('t'able (P-4) will not 

point is illustrated by Figure G-13 which transfer. This 

be affected a) by the influence of a normal preclull test tanlv pressures will 

inflow conditions necessaiy to provide a fL^ecU tl^c increased 

Cui-ve 1 is the predicted 45. 7 cm (18 inch! d' ' ^’™^diated environment. 

flow conditions in a zero gravity environmcait oh" indicated 

is forced convection dominated. cJ.4 2 UK.ehanism 

test is performed in a no, anal gravflv env t " *f the same 

mechanism is free convection dominated. However a^L-c'd c'xehange 

environment is necessary for a valid model test Thit ‘'"d'inated 

increase in entering flowrate ,md velocity Th J ‘'’d'’ 

results between Ihe zeia^g and one-g tesVtanl ' ‘‘ greater diffe,-enee 

b no one g test tanl< p,-essure profiles, a,,wes 3. 

It IS questionable that results of one-c to <=it« ihoi 

veetton heat ttmtafe <,„m„.a„ee cat. be ompleyr, r:::!: tt ^ 

45.7 cm (18 in. Mi ammo, tl^^I-aiZ! bt^ ^d' «*"'^‘fations that Ihe 

directly extrapolated to a prototype OTV vehic^ flUs 

with LH^ in a near zero-g environment. Direct ext ,-apoIat i"” 7' ” 

xtiapolation becomes even less likely 
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NOTES: 

oToHoZ 'iS'/S’ conducted with a 

2. Prechill tests simulated the full scale conditions given in Table 6-4. 

t^^'s'c^IlVfaLrr!^'^ duration is "model test" time divided by Table 3 


4. Case (1), (2) and (3) conditions are identified in Table 6-4. 

5. Case (1) results exactly simulate the full scale prechill process. 


1 . 


2 . 


Model Test Tank Configuration 
Scale ~ 45. 7 cm (18 inch) 

V*/M* ~ 0.108 

Curve 1 is forced convection dominated 
Curve 2 is free convection dominated 
Curve 3 is forced convection dominated 


Flowrate 


Curve 

G- Level 

kg/ sec (lb- sect 

1 

0 

.0045 (.01) 

2 

1 

.0045 (.01) 

3 

1 

.0180 (.04) 



Figure 6-12. Predicted UI 2 OIT Tank Pressure Histories from "HYPRES" 
Computer Simulation of 0.108 Scale Mcxlel Prechill Tests 
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TANK PRESSURE, kN/m^psia) 


- . Scale model test variables for simulating OTV 
LH^ tank prechill. 


Prototype 

Condition 


Case (1) 
Case (2) 
Case (3) 


Incoming 
Flow Rate, 
kg/sec 
(Ib/se c) 

0. 71 
(1. 56) 

0.045 

( 0 . 100 ) 

0. 0045 

( 0 . 0100 ) 

0. 045 
( 0 . 100 ) 


Incoming 
Velocity 
m/sec 
(ft/sec) 

6.7 
(22) 

62. 2 
(204) 

6.20 

(20.4) 

62. 2 
(204) 


Tank 

Scale 

V*/M* 

Time 

Scale 

1. 0 

1.0 

1.0 

0.108 

1.0 

0. 0117 

0.108 

1. 0 

0. 0021 

0.108 

0.105 

1. 28 X 10 


-4 



Figure 6-13. A normal gravlly envlroimienl will mnurncc OTV m.xiol 
lank prechill test results 


“ °T® 1“ imposed os a constraint. It is expected, however, 

the heat transfer phenomenon involved in the prechill process can be evaluated 
Lmpmcal eoefticlents obtained from such Icsl.s can be applied to an analytical model, 

such as HYPBES. Phis model can then scivc a.s a tool foi full .scale vehicle prechill 
predictions. 

6.3 TANK FILL MODELLING 

Tank fill will be initiated after the prechill requirements have been satisfied. The 
single requirement for tank fill is to maintain an acceptably low pressure during the 

process. Tank pressures will be at a minimum if thermal equilibrium conditions arc 
maintained during fill. 

^e intent of the tank fill process will be to create turbulent conditions within the tank. 
These conditions will be achieved by introducing liquid into the tank at high velocities 
(and perhaps through a spray nozzle) to provide the high heat-transfer rates needed to 
attain near-thermal equilibrium. As tank fill continues, the internal tank fluid environ- 
ment changes from liquid droplets in the ullage volume to vapor bubbles entrained 
^t -n a liquid bulk. The tnmsition from heat transfer dominated by liquid droplets to 
eat transfer dominated by vapor bubbles is expected tc occur at about the 40^ to G09< 
liquid fill. This latter mechanism is the only mechanism that will influence tank 
pressures toward the completion of tank fill. 

Tank pressure near the end of fill is more critical than during the early stage ^ince 
pressure does not become excessive in the interim), because the end state must reside 
within an acceptiOile thermodynamic range to satisfy mission and propulsion system 

requirements. For this reason, an evaluation is made only of the bubble dominant tiuik 
fill process. 


6.3.1 VAPOR BUBBLE DOMINANT HEAT EXCHANGE PROCESS. Scaling parameters 
for this process can be developed by assuming tank fill to be equivalent to the transient 
heat conduction process of a lumped-mass system. Consider the heat exchange condition 
described by Figure 6-14 at some instant in time during fill. 


1. Vapor is dispersed throughout the luquid bulk and resides at a higher 
temperature than the surrounding liquid. 

2. Vapor dispersal and heat transfei' is caused by fluid agitation, created 
cither by a mechanical mixer or the entering liquid. 

3. The temperature-time history of the liquid, as indicated by Figure 6-14, 
may be characterized by 

T - T 

L _ -(hA/mC )T 

T - Too “ P (6-37) 

o 


6 - 2 *) 


Temp, t 


X 

^Vapor Temperature 
Equilibrium 

Tx_ 

Liquid Temperature'^ 



Time ^ 


Figure 6-14. (M T/mCp) is applicable as time scale 
rank fill process. 


parameter for 


where 


T 

T 

o 

'T*, 

h 

A 

m 

Cp 

T 


liquid temperature at time, t 
= initial fluid temperature 

■ '^““"’■■‘'-•emperamre of vapor and 1,^,6 

= bubble-llmiid transfer coefficient 

total surface area of tha w 

of the dispersed vapor phase 

= liquid mass 
= liquid heat capar>-iv 
== time 


v»i4-i/uivpi 


lime 

Note that the development of a timo 

Wentically ,o the approach selected L'r pSl 7 ”'lb '' '*81ns 

maintained throughout this evalu«to„ 

The Intent of a model fill test i« i • . 

liquid and vapor during fin <?,, u° ihe thermcxivnamic exchantr k 

- .mpera^res to 

onomons. lank pressure will b 
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influenced by fluid temperature during fill And if fh 

can be attained, tank pressure will be a dirpnt ^ equilibrium conditions 

rela.ed U .0 prototype only If near-thermal t.qullib.iumT„dUhra“’m! 

to those of the PrototypTirihrmmtrij'ion^^ Ihol model fluid temperatures will be similar 
condition. That is, iVl. , fme parameter, « . m the same for eaeh 

By taking the ratio of model-.o-pr„to,ype for eouation , 0 - 37 ) we have 


(T - Tpo )V(T^ - Tpo )* = e /e" ^ e“( ^ ^ ^ 

For e - 1 ^ equation (6-38) becomes 

(T- T„ )V(i;,- )♦ = 1 


(6-38) 


(6-39) 


Now, if in addition to = l condiHrmo u 

T* = Kfrom equation 6-38). This meanrtharnu d'^'' ’’a* “ 

the model and prototype conditions al the sante '"f 

of this discussion is devoted to identifying m idel test ^ remainder 

ttona; analys.s is based upon Ihe following assump- 

odel tank geometry is identical to the prototype lank geometry. 

2. Aluminum is material for both model and prototype. 

3. Liquid hydrogen is fluid tor both model and prototype. 

6.3.1. 1 Initial fluid r ♦ p-. k 

ttte name propeltant supply tempe^tu'; f.m n.:drt:T;':lu;p:“^r,:::;X"'" 

brium tem^am'^t 'C'tae dSing^L' developmen, will show ihat equili- 

mg hqutd temperature, tuitial propellant tank stored e^g; mid tte 

From the First Law 


“w -“i>w * m^, - ^ 

® +m^ (at time, t ) 


j^(m-m.) (6-40) 

(6-41) 
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(6-42) 


where 


u - internal energy 

h = enthalpy 


m = mass 


subscript, 


L = liquid 

V = vapor 

w = wall 


= conditions at tank fill initiation 


“ - equilibrium property conditions at time t 

The solution to equation (6-40) can be I’eadily obtained by recognizing that uij., 
my. and are either zero or insignificaiit. Fluid mass at tank fill initiation 
will be essentially zero for filling an evacuated tank and u^^ will be near zero 
throughout much of the tank fill because tank wall temperatures will be* at or very 
near liquid temperature. Thus, combining (6-40), (6-41) and (6-42) results in 


m, +u 
L v„ 


m = h (m + m ) + m u 
V L L V w w 

i 


(6-43) 


Since m^ u^ represents the initial tank stored energy, AQj, we can nuike this sul>- 
stitution »n (o-43) 


u m +u m =h (m, +m ) +Aq (6-44) 

L» L V^ V L ' L v' 1 

Dividing (6-44) by gives 

"l-* “v. <V”l> ' "i. "'-•‘S' 

The left hand side of (6-45) is a function only of equilibrium temperature and vapor tc 
liquid mass ratio, The right hand side of the equation is a function of 

entering fluid temperature (hL = f (T^) ), AQj/mL. and my/mL* 

It is concluded from (6-45) that T« = f (To and AQ^/mj^) for a given n Vy/mr . There- 
fore, T« ♦ = 1 when T^* =MAQ{/mL)* = (rny/mL)* >= 1. As stated previously T ♦ can 
be selected by controlling supply temperature. ( AQj/mL)* can be selected by varying 
model tank mass and/or initial tank temperature. The variable (my/mL)* imposes 
no restraint other than to stipulate the obvious, which is that a comparison of pukIcI to 
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prototype tank fill behavior is applicable only at the same tank fill condition. However 
this requirement does provide the following relationship between time and tank scale 



where 


= tank volume 

L = characteristics tank dimension 

^ = fluid density 


= Pp (same fluid) 

Time can be introduced by recognizing that 


m 


L 


where 


rriT 


or T = m 



i-47) 


rfi = entering flowrate 

= flow duration 

~ liquid mass in'roduced to tank during t 
D ividing model variables by prototype variables gives 


r* = m Vm* 

Substituting (6-46) into (6-48) results in 


(6-4S) 




(6-48a) 


6.3. 1.3 Dimensionless time parameter. It is now necessarv to identify conditions 
under which 0 * = 1. 


All variables of the dimensionless time parameter ( d ), with the exception of h and A, 
can be described. Equation 3-11, Heference '3-3, relates h to fluid properties and tank 
inflow conditions. This relationship is given as 


-^(N )2/^ 

PCp 




(mv“/V ) P 

— 7:2 


1 1/4 


(6-4'J) 
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where all variables have been previously identified except: 

V = fluid volume 

Lj 

Normalizing equation 6-49 provides the following expression 

2 1/4 

h* = (m* V* 

The total surface area, A, of the dispersed phase is 

A = n 


n 

Therefore 


= V /V. 
u b 

= ir d^/6 


= ITd 


or 


A* 


where 


= 6V /d 
u 


= V Vd* 
u 


n = total number of bubbles immersed in liquid 

= bubble surface area (assumed spherical) 

* total vapor volume 
d = bubble diameter 


Now, equation 3-36 can be written as 

d «= F c‘^(mv^/V )^*^ + C 

1 Lf 


where 


V /V^ 
u T 


(6-50) 

(6- 51a) 
(6-52) 
(6-53) 
(6-54) 

(6- 51b) 

(6-51C) 


(6-55) 
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F 1 Q A 0«6y 

1 . 134 a /y = constant based upon fluid properties 

C = empirical constant = 0. 09 

By assuming that C is insignificant, 
d* = €*' V(m*v*^/V 

L 


(6-56) 


f;?. raMir^‘:rer = \* 

d* = (m*v*Vv 

L (6-5/) 

^hlhe rrer^rpToTot^^^^^^ .^^portlon of vapor is entrained in liquid for 

If one assumes that C is the dominant term in (6-55) the result is 
d* =1 

(6-58) 

^th^6-57 and 6-58 will be considered in evaluating experiment modelling requires 

Normalizing the dimensionless time parameter, we have 

6* = (Cp* = 1 for same fluid) 

Substituting (6-48) into (6-59) gives 

e* = h*AVm* 


(mv2«7i“'Ltt,mr '’■'‘““■■“y ‘"«“^"ced by 

(mv Substituting equations 6-50, 6-51 and 6-57 into 6-60 provides 

0* = (“*vVj_*)'’-^'(VVm*)/(i.v*V 

u L 

= (m*v*Vv (V Vm*) 

L U ' 

Now, from continuity 


(6-59) 


(6-60) 


m 


= P A V 

n 


(6~61a) 

(6-61) 

(6-62) 


where = nozzle inlet diameter. 
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Normalizing (l5-(>2) results in 




A * V* (where P* - 1 for same fluid) 
n 


Substituiing (t)-()3) into ((>-(»l) atui reeogiiizing (hat 


V ♦ 
u 


3 2 

= V '*■ = L*' , and A ♦ = L* , 
1. n 


0 * = (m*^\ ♦“ V (L*^/ih*) 

. 3 , 7 0.()5 ^ 3 ,_^ * 0.95 . 1.55 

= (m^ /L* ) (L+/m*) = (m* /!.♦ ) 


((i-(53) 


(t;-(;4) 


By sotting P* = 1, (G-64) becomes 
ih* 1> 

eoinbinlng (5-153 with ('-(55 and solving for v*. we have 

1.(53, 1.(53 , 2 -0,37 

V* = L* /A^^+ = /!,♦ = L* 

Also, combining (6-45a) with (G-(55) and solving for T'*‘ - B 
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(G-G5) 

(G-GG) 

((5-G7) 


KquaUons (5-G5, (5-GG and (5-67 relate the virimaiy test variables of flowrate, velocity 
sukI time to model tank scale for the condition whore bubble diameter, d, is a functitm 
of fluid power input (or mechanical power). These relationships will e.Kist at low pmver 
input levels. Results are given in i'able G-5. 

O 

Consider now the second condition w'here bubble dijuncter is independent of (ihv“/V.^ ). 
SubsUtulittg equations (G-50), (G-51e), and (G-58) into (G-GO) gives 
0* 


•> 0 

= (m^ v*“A\ *) (V Vm'*') 
1, u 


Substituting ((5-(53) into ((5-G8) and recognizing that 


V ♦ 
u 

results in 
()♦ 


= V ♦ = L*'^, and A ♦ = !,♦“ 
li n 


. • *3 /T *7,0* “5 „ 3 1 25 , . 0. 25 

* (m* /li^ ) (L* /m*) = li* /m* 


((>- (58) 


(G-G9) 


By sotting 8**1, (t5-(59) becomes 
r; 


m* 


= L* 


((5-70) 


Combining ((5-G3) with ((5-70) and solving for v* we have 






average heating 


The question to bo resolved ics , 

-0.0. „„ o,.o,..„,o„„ --«e. 

The answer depends upon determining the folloling: ’ ^ * v‘“/Vl)? 

equiIibriu„,'dmTng (aljlTll ? ‘’’^nsfer rates needed to guarantee thci-mal 

" ::rf >— ■> ■■e.u...o„o„.o 

Sirr."'* «'■ a. ,ho ,.o..,„o. pp.e.. 

4. Is the calculated bubble diiimeter a ^ 

«>.' n.xo,. powo., „vo.. ,Ko .,„„o on„u,e.p:,:J 

n.00,0 .ocoaoo „s ,o,* ru, ''«>“'■■*•- 

oiiorgy removal rcquircmciil is lirfoixindont of fill rt ' T'" "' '"'“I “Hago 

fhal ihc . vorago heal .-emoval rale can be .eereased a n’l T “ 
selected as acceptable In seclion 3- a, and results^' ‘‘“'a'''"'' "f 3 hours was 

rate of about 5 kw ( - 5 Btu/see). ' ''' average heating 
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HEATI>JG ItATE, kw (Dtu/sec) 


Mixer Power 
(watts) 


o 

< 3 ) 

cn 

=3 


I 


S 

O 

2 

< 

W 



PERCENT LIQUID FILL 


Vapor 

Hold-up 


f 10*^ 

^ - 2.5% 


Figure (>-!(>. Mixer Power Influence Upon Entrained Vapor to Liquid 
Hydrogen Heat Tr;insfer Rate 


ML\er Power 



PERCENT LIQUID FILL 

Figure b-17. Mixer Power Iiinuence Upon Entrained Vapor to Liquid 
Oxygen Heat Transfer Rate 










achieved for a mixer powei- input less than 4 watts. Note thatinput power require- 
ments to achieve a given heating rale arc a strong function of vapor hold-up (percent 
vapor entrained in liquid), and a very wciik function of the percent liquid fill condition. 
According to Figures 6-18 and 6-19, vapor bubbles generated within the OTV pro- 
pellant tanks by a mixer (or its equivalent in fluid power) are a function of fluid power 
for power levels less than about 12 watts. Thus it appears that the mcxlel test para- 
meters of Table 6-5 should be employed for tank fill experimentation. It is encourag- 
ing to note from Table 6-5 that the required model test flowrate and velocity require- 
ment for the Spacelab experiment can be readily acliieved. 


®*^*^*^ Mixer power/fluid power relationship . Additional infonnation applicable to 
orbital refill is presented in Figures 6-20 and 6-21. These curves show the equivalence 
between fluid power and mixer power, but using variables of fill duration and transfer 
line nozzle inlet diameter to describe fluid power entering the propellant tanks during 
fill. Equivalence was established in the following manner: 

Fluid Power = m v^ = m A^^ = (m^/^ ^^) ( 6 - 72 ) 

where 


D 

n 

m 

V 

Pl 

But 

in 

Therefore 

. 2 

mv 

where 


= nozzle diameter 
-■ tanking flowrate 
= inlet velocity 
= propellant density 
= eonstant 


= -"t/' ' /W " 


(6-73) 


(6-74) 


= tanked propellant mass 
== propellant tank volume 
T = tanking duration 


6-40 


BUBBLE DIAMEl 

















Finally, we can show that 


Fluid Power = Mixer Power Output 

= Efficiency x Mixer Power Input 

Note that fluid power requirements of greater than 4 watts can be achieved with a 
reasonable selection of fill duration and nozzle diameter. 

6. 3. 1. 5 Mod < 4 tank V*/M* influence. The inability to exactly scale POTV on the 
bases of tank volume and tank mass will have a significant influence on tank fill, as 
it will have upon the prechill process. Higher model tank pressures will occur during 
the initial fill transient than for the prototype LH 2 tank, as previously discussed and 
indicated by Figure G-7. This peak pressure coii'^' be excessive, especially for the 0.108 
scale tank which has = 0. lO.*), Equally significant is the fact that equilibrium 

pressures at the end of tank fill can also be heavily influnced by V*/M*. Figure 6-22 
gives final tank pressure as a function of entering LH.^ vapor pressure and V*/M*. It 
is seen that final tanlv pressure could increase by about 69 kN/m^ (10 psid) greater 
at a V+/M’*‘ of 0.108 than for the prototype tank. Conversely, if the goal is to achieve 
a given final pressure, the model test tank wall require an entering LH 2 vapor pressure 
that is about 69 kN/in" (10 psid) low'er than for the prototy pe tank. 



Figure 6-22. V*Al* influence upoi\ POTV LH tank pressure 
following (heniial equilibrium fill process. 
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3 3’ FLUID SUBSTnilTE. A determination was made in Section G. 3. 1 that a pro- 

IKliant lank flU procosn can be .simulated It the model-l.^protetype dimensionless 
time parameter, 0 •. can bo esUtblished as unity tor experimentation. M^el test 
parameters ot tlowrale, velocity and time scaling arc Identified in Table 6-5 which 
Ltabllsh fl* = 1 tor mixlcl tests conducted with liquid hydrogen. The purpose ot this 
analysis is to quantity Iheso same lost parameters for the case where Inmid nitrogen 
is substituted tor liquid hydrogen. 'Fhe following equations employed in Section 6.3.1 
are also applicable to this analysis: 


Q = (hA/mCp) T 


— — (N = C 

PCp ' PR 1 


(mv“/V_ ) 

Lj 

— 7:2 


1/4 


(6-10) 

(6-49) 


Normalizing equation (6-10) by taking the ratio of model- to-prototype conditions 
results in, 

Q * = (h* AVm* Cp*) * = (h*AVin*Cp*) 


(6-73) 


where: 


m’ 


= m*/T 


and superscript (♦) = the ratio of mcxlel to prototype (in this case, LN^ to LH^ 
conditions for same tank scale) 


Normalizing equation (6-49) and solving for h* gives 
h* 






PR 

,.2/3 


(6-74) 

(6-75) 


where: 


V * =1 (for stmic tank scale) 

L 

Now, combining (6-73) and (6-75) results In 

2 « 25 

= 4.43 (AVm*) (m*v^ )' 


(6-76) 

(6-77) 


6-44 


where 


*. 25 . 25 

M * = (11.85) =1.86 


*•5 .5 

P ♦ = (11.4) =3.38 


,2/3 


2/3 


(Npp*)“'" = (1.7)"'" =1.42 

The normalized total surface area, A*. of the dispersed phase is A* = VuVd* (6- 51c) 
Now, the expression for bubble diameter, d, was found to be 
d = F c*^(tnv^/V )^’^ + C 

•A 1j 

where: 


(6-55) 


€ 

V.. 


= V /v^ 
u T 

— constant based upon fluid properties 
= tank volume 
= empirical constant 


It was determined in Section 6. 3. 1. 3 that the expression for d can be simplified by 
eliminating c. Consequently, we have 


d = F^f*/'(mv^/Vj^)^*^ 

Normalizing equation (6-78) and recognizing that V * = V* = V * 

L u T ’ 


(6-78) 


c’ 

d* 


= 1 and, 

= F^V(m*v*^) 


(6-79) 


Now F^* 

6 ^ 

->a*‘ / (j = 1.26 

where: o 

= liquid vapor surface tension 

and 0 * 

= (3. 3)' ® = 2. 05 

.ind p ^ 

= (11.4)‘“ = 1.63 
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Combining equations (6-51c) and (6-79) and rccogiiizing that 


V ♦ 
u 

= 1 we have 


A* 

= 1/d* = (m*v*^)^‘ Vl. 26 

(6-80) 

Substituting equation (6-80) into (6-77), 


6* 

= 3. 52 (m*v*“) * ^^m* 

(6-81) 

Introducing the continuity equation, m = pAv, and normalizing, we have 


m* 

= P*v* A* , where A* . =1.0 

nozzle nozzle 

(6-82) 

Substituting (6-82) into (6-81) and solving for rii*. 


m* 

1.368 ^ 1.053 „.„^*1.053 

= .266p * e* = 7.42 0 ♦ 

(6-83) 

Finally, in order to satisfy the requirement for Q* = 1, we find from equation 
that 



= 7.42 

(6-34) 

V* 

= .651 

(6-85) 

t- 

= 1.536 

(6-86) 


Equations (6-84), (6-85), and (6-86) represent the i*atio of nitrogen-to-hydrogen test 
variables. These factors were applied to the previously determined liquid hydrogen 
model test variables (of Table 6-5) to arrive at the data given in Table 6-7. An 
inspection of this data indicates that there appears to be no limitations nor disadvantages 
to conducting model tests with LN 2 , other than the concern that the fluid properties 
difference could result in a non-scaleable heat and mass e.xchange difference between 
the propellants. 

6.3.3 ONE-G TEST ENVIRONMENT UMITATIONS. Ground-based tests for determi»>- 
ing the validity of the tank fill process will be applicable only if a) the nonnal gravity 
free convection heat transfer process is dominated by the forced convection mechanism 
created by the entering propellant, and b) the fluid flow mechanism is the same for model 
tests as for the prototype configuration. To satisfy the h>nner condititm we must verify 
that the heat transfer coefficient given by equation (6-9) exceeds that free convection 
coefficient created by a normal gravity environment. Equation (6-9) is applicable to heat 
exchange between a propellant tank surface and its contained vapor, and to heat 
exchange between a liquid and entrained vapor bubbles. The latter ci>ndition applies to 
the similarity of fluid flow regimes such as laminar or turbulent flow in a flow inertia 
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Table 6-7. Model tank scale and fluid substitute influence upon 
fill test variables d* = f(m*v’*'^/Vj^*), for LNg. 



Model Tan 

k Scale, L* I 

Model Test Variable 


.2 

.3 

m* 

.15 

.52 

1.04 

V* 

1.52 

1.18 

1.02 

r ♦ 

.06 

.17 

.29 


(1) Tank model selected for Spacelab experiment. 


• Reference data is from Table 6-5. 

• Test fluid is LN 

2 

dominated environment. 

It is expected that propellant tank fill in space will cause the propellant and its vapor 
to be intimately mixed due to the absence of gravity. Thus the fluid flow mechanism 
will be that of an inertia dominated process. Furthennore, this intimate mixture of 
liquid and vapor should serve to provide near-thermal equilibrium conditions during 
fill. 

This same uniform mixing of liquid and vapor will not be possible for tests conducted 
in a normal gravity environment because gravity will tend to maintain the liquid phase 
separated from vapor. Analyses have indicated that incoming liquid velocities, for a 
0.108 scale model tank, may have to be increased by a factor of five to ten greater than 
scaling would indicate just to provide liquid-vapor mixing. A velocity increase of this 
magnitude could invalidate the experiment because of a greatly increased vapor 
bubHe-to-liq\iid heat exchange. As with the prechill process, it is questionable that 
useful data can be obtained for predicting the full-scale process. 

6.3.4 START BASKET REFILL TEST CONSIDERATIONS. Refill of the propellant 
start baskets is an important requirement during the tank fill process. The start 
baskets must be free of vapor prior to first main start so that 100 percent liquid flow 
to the OTV main engines can be assured. It was determined in the analysis of Section 
3.3.6 that an unknown quantity of propellant vapor may reside within these screen 
devices at tank fill completion. An extremely conservative assumption was made that 
the largest spherical bubble possible would reside within each device. Collapse times 
of about five minutes and four hours were calculated for the oxygen and hydrogen bubbles, 
respectively. It is obvious from the predicted collapse times that oxygen start basket 
refill will be assured. The long time to collapse hydrogen bubbles, however, resulted 
in a recommendation to actively assist hydrogen start basket refill. It was proposed 
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that a small diameter line be routed from the tank fill port to the basket so that liquid 
would be sprayed into the volume during the fill process, Cn’oulations, for a conser- 
vative fill model, indicated that all entrapped vapor would be eoridenscd before tank 
fill completion. 

The mechanism for removing vap >r from the start basket is identical to that described 
for tank fill. That is, the incoming liquid momentum will serve the dual function of 
creating small bubbles and a high heat exchange environment between liquid and 
vapor, both of which enhance condensation. The strategy to assure start basket 
refill will be to create sufficient agitation within the screen volume to assure complete 
vapor condensation. It appears that there will be fewer restraints imposed upon start 
basket refill than tank refill, consequently, a propellant flow split can be selected to 
assure basket refill before tank fill completion. As an extreme example, tank fill 
could be performed by flowing all propellant through the screen device. 

Since it appears that basket refill can be assured, and because tank fill experiments 
will also be useful in assessing condensation conditions within the start basket, a 
detailed test program is not recommended. Ra*her, it iTiay be sufficient to provide a 
range of start basket flowrates as part of the tank fill experiment. There would be 
an advantage to performing several tank fill experiments without flowing propellant to 
the start basket. These tests would identify if an active means ui start basket refill is 
necessary. 

6.4 SPACELAB EXPERIMENT INTEGRATION 

The Spacelab provides facilities for investigating fluid behavior in a low gravity environ- 
ment. The experiment payload accommodated within the pressurized Spacelab, however, 
must adhere to strict safety regulations regarding the crew, the mission, and the 
payloads. Specifically, Reference 6-1 restricts the use of cryogens to the exterior of 
the Spacelab. 

To confirm the Reference 6-1 guidelines. Merle Slayden, a NASA/MSFC Safety 
Engineer was contac*.ed to discuss current directives regarding the use of cryogens. 

The proposed receiver tank experiment, employing a 457 mm (18 inch) diameter 
tank mounted within a double rack, was discussed and he stated such LNg quantities 
would require a w'aiver for Spacelab. Unfortunately a waiver can only be oAitained 
during the experiment integration safety review period, which occurs after payload 
design and fabrication. As a guideline, Mr. Slayden offered the information that LN 2 
quantities of about 3.6 kg (8 lb) would be acceptable. The proposed test tank would 
contain a maxirn'tm of 120 kg (264 lb) LN 2 * Liquid hydrogen is unacceptable under any 
condition. 

There will be additional restraints Imposed upon the receiver tank exjieriment design 
other than the use of LN 2 . These Spacelab general experiment acc>)mmodation factors 
are given in Appendix B and have been e.rtracted from the "Life Sciences Guide to 
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tne Space Shuttle and Spacelab” 
hanrlbook 


experimenters handbook, and the Reference 6-1 


6.5 MODELLING OF LTL REFUELING OPERATIONS 

A mission scenario was selected In Section 5 tor the purpose of analyzing orbital re- 

“srg vZcle ha r configuration was selected from 

OTShng vehicle hardware, principally, the CMS tariis were selected as the main 

te LTl" no*’ *d selected for the same function on 

; Vo™? ““H "cre the propellants selected for the main propulsion and 
systems. Wh of the storage tanks and bottles contained a scree'n CisHio" 


nie ^alysis of Section 5 identified the refill requirements listed in Table 6-8 It 

problems, such as liquid venting and helium entering 
the screen devices, resulted from the need to expel helium from the storage vessels 
e ore initiating refill. Furthermore, it was found that refill could be performed in 
a \ery straightforward manner; venting would not be required, and tank pressures 
would not exceed normal operating pressures during refill 


Table 6-8 . LTL vehicle refueling requirements. 

• Propellant Tank Venting Must Not Damage LTL or Orbiter 

. Liquid Venting Potentially More Damaging Than Vapor Venting 

• Helium Must Not Enter Partial Screen Device Galleries 

• Vehicle Control Must Be Maintained During Refill Operations 
. Liquid Venting is Undesirable 

• Simplified Operations Are a Necessity 

• Must Have Ability to Refill to '-95% Level 


It v/as cone uded from the refill analysis that virtually all potential problems would be 
eliminated through the use of procedures, if certain vehicle modifications were in- 
corporatf i. These modifications included adding plumbing between storage vessels 
(see Figure 5-5 ) to enable propellant transfer between common tanks. With these 
changes, procedures were established so that propellants could be transferred from 
one tank to another before initiating a tank vent. 


The single concern of the selected refueling procedure was that propellant contained 
Within the screen devices might boll during tank vent to expel helium. The solution 
would be to maintain sufficient liquid residual that it would replenish any screen 
device liquid lost by evaporation. TlUs solution will be effective only if corr unication 
IS maintained between liquid pool and screen device. Thus, the purpose of a., orbital 
experiment would be to verify that communication is maintained during the tank vent 
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APPENDIX B 


SPACECRAFT ACCOMMODATIONS 


Equipment Mounting and Software 

• The ^acelab double racks (38") can hold up to 580 Kg (1276 lbs) of 
equipment with a maximum volume of 1.75 m^ (62 ft^) 

• Equipment mounted in racks may be as large as: 

- Width (double rack) = 94 cm (36.7 in) 

- Height = 149 cm (58.1 in) 

- Depth = 61 cm (23.8 in) 

• Rack accessories include: interfaces with Spacelab data collection/processing/ 
transmission systems; power outlets; connectors for forced-air cooling of 
flight experiment equipment. 

• Equipment unsuitable for rack mounting can be mounted directly to the 
floor of the i^acelab. 

Electric Power 


^acelab electrical power is routed to flight experiments through ejqwriment switching 
panels which can be mounted to individual racks, or under the Spacelab floor to 
service floor-mounted equipment. 

# Electrical power: 28 v DC; 115/200v AC @ 400 H /3 phase 

z 

e Power conditioning equipment 

e Power available for payload and mission-dependent equipment in the Module 
is payload dependent 

Ascent /Descent: 1 kw (continuous) 

1.5 kw (peak) 

On-orbit (all module configurations): 2.6 to 3.5 kw (continuous) 

7.2 to 8.1 kw (peak) 

160 to 300 kwh of energy 
svailablc/mission 
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Thermal Contmi 


The Spacelab Thermal Control Subsys^-'m rrca . f ^ r 

loops: ^ consists of four thermal control 

• The mdoule cabin air loop orovidpci j i 

oomfor, criteria, tor the cL withi„r“^- 

• L^r^t rc^eSrr ““ ■“ ™ 

■cop. The ««;r Cai:“ 

aubayateni3,and can accommodate an Experiment Heat E^ 

one Experiment Cold Plate. ^ ^ ^ ^ Exchanger and 

rrrr u r***" “ 

capability may be used by experiment. > ““bsystems. The remaining 

The water loop heat tcj^t“^fe rslt'" ‘='>“‘P"'«»‘ 

conttnuoua, mul 7.6 to ^.o kw ^1.! T T'"‘“ “■ ''''• 

Spmi.Ub Module conflguraMons. within therUmita t^“ 

control loops have their Indivirinai i*. umlts, the remaining thermal 

Theae are: •«Uvldual capacttiea to provide experiment cooling. 


• Cabin alr4finp 

• Avionics loop 

• Freon loop 


- 0.6 to 1.6 kw. contlnuouai 2.4 to 3.6 kw. peak 
-3,3 kw, continuous: 8.7 kw, peak 


. pgjyj (Note: In nallAt 

o y configurations , the freon loop exchanges heat 
^rectly wid, the Orbiter loop. Tthl. caTL ‘ 
Spacelab total heat rejection capability Is 7.0 kw 
continuous and 10.9 kw, peak). 
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he Expenment Heat Exchanger can be mounted only in experiment double rack 
number 4 m the Spacelab Core segment. Its nominal heat transfer capabiUty 

IS 4kw. However, its actual performance depends on where it is connected into the 
water loop on the other loads along the water loop. 


The Expenment Cold Plate must also be mounted in rack 4. When both the 
heat Exchanger and the Cold Plate are flown, they must be eonneeted In series 
an must share the same connection into the water loop. The cold plate is 
500 mm x 390 mm x 4.4 mm and has a 70 x 70 mm hole pattern. When filler is 

experiment and plate, the conductance 

1.0 watt ‘per ^Ciirl^Hrer" conductance is approximately 


Pi gital Data 


The Spacelab Modules's data management system enables the collection, processing 
recording, on-board display, and transmission of low- rate digital data (including 
gi ized analog) received from the flight ejq>eriments at 1 Mb/sec or less, 
xperiment produced data with rates between 1 Mb/sec and 16 Mb/sec can be 
stored and/or transmitted to the ground, but these data cannot be processed or 
displayed on-board the spacecraft. 


Depending on the needs of the experiment, low-rate digital data can be: 


• Processed and analyzed on-board the spacecraft using experiment supplied 
software 


• Foiroatted and displayed for review and analysis by the Payload SpeciaUsts 
on-board the spacecraft. 


• Annotated with voice recordings and/or time marks. 

• Recorded on data tapes or transmitted to the ground. 


Hi^-rate digital data can be recorded on tapes or transmitted to the ground. 
Additional information about low-rate data and high- rate data follows: 


Low rate (< 1 Mb/sec) 


• Remote Acquisition Units (RAU's) receive eiqperiment data and deliver 
toem to the Spacelab data management system for computer processing 
display, storage and/or transmission to the ground. RAU's may be mounted 
n equipment racks, under the Spacelab floor, and Inside an Airlock. 
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• RAU’s provide an 8 bit resolution, analog-to-digital conversion 
capability, and can accept serial digital data. 

• The RAU data acquisition function is under ejqjeriment-suppiied software 
controi 

• Signal conditioning equipment will be available, as required, to interface 
experiment hardware with the RAU 

• A data processing computer (Mitra 125 S, 64K core, 16 bitwords, 

3.5 X 10® operations/sec) which can analyze experiment data onboard 
the spacecraft, format data for on-board display, and format data for 
transmission to the ground will be on-board. 

• A mass memory unit for storage of software will be on-board 

• A data display unit and keyboard which pennit on-boai*d review of 
experiment data will be available on-board. 

• Data may he stored on tape or transmitted to the ground at up to 
64 Kb/ sec. 

High rate (62.5 Kb/sec to 16 Mb/scc) 

• On-board data recording and transmission to the ground will be 
provided. 

• Experiment data can be automatically annotated with time refex'onces, 
and digitized voice signals via the high data rate system. 

Voice Data and Communications 

The spacecraft provides voied recording, voice communications between the 
spacecraft and the ground, and an intercom system within the spacecraft. 

Analog Data 

Investigations which produce analog data will have two basic options. If feasible 
the analog data should bo diglUzcd, to take full advantage of the Spacelab Module’s 
extensive digital data recording processing, and transmission capabilities. 

Analog data, that cannot be digitized, may be recorded on-board ai\d/or 
transmitted to the ground. Planned capabilities include; 
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• Analog to digital conversion. Data may be stored, transmitted to the 
ground, or processed and displayed on-board the spacecraft. Conversion 
rates are programmable at 1,10, and 100 samples/sec. 

• Analog-down-lhik transmission for up to 85% of the mission. Data may 
be real-time or tape records (3 to 4.2 Mh^). 

Video Data 

All Orbiter-to-Spocelab Intcriace has been provided that would enable the eollecUon 
momtonns ^d reeordlng of black-and-white and color video signals. Also black- 
inid-wln^ video data could bo transmitted to the ground, one channel at a^lme 
in3il SPk^lab video eapabiUUcs currently under consideration 

• Black-and-white video cameras 

• Black-and-white video monitor 

• Black-and-white video tape recorder plus tapes 

• Camera Control - Provides automatic and manual camera/recordcr/ 

totlficaTr'''""^ """ experiment 

• Camera Timer - Provides automatic Ume-controUed acUvation/ 
deactivation of cameras and recorders. 

• Accessories - Mounting brackets, lens assortments, cabling, and 
remote controls. 

• Color video camera 

• Color video montior 

• Color video tape recorders plus tapes 


1 
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Tabte B-l summarlaes the Spacelab module environment that the fluid behavior experiment 
designs will consider. 


Table B“1 Spacelab Module Interior Environment 


Cravltv 

On-ortlt operations: to 10*® (spacecraft drifting) 

10 g (spacecraft maneuvering) 

Other phase.. 3g (maximum, launch); I.Sg (maxiniun!. reentry) 
Acoustic 

On-orbit operations: 


Other phases: 
Vibration 


* NC-SO curve; overall noise level * 75 db 
Incidental equipment-produced noise Is dependent on equipment 
Included In the final payload complement* 

137 db aaxliman - during launch (ref: 20 uN/m^) 


On-orbit operations: Incidental equipment produced vibration 1s dscendent on 

equipment included in the final payload complement. 
Other phases: Launch and ascent 

e Sinusodial 1 0.2Sg (5-35 Hz) - System level 
• Random - 3.3g RMS (composite) - Equipment racks. «.77g ?MS 
(composite) - floor mounted, ^or^.6 seconds after 
engine Ignition* 

Temperature 

0n-orb1t: (Adjustable) Min • 18° ♦ 1°C (•>, 64.6°F) 

Max * 27° T l®c 80.6°n 
Othar phases: Ml thin the on-orbit range. 

Humidl ty 


On-orbit: 25X to 70% RH (not adjustable). 

Other phases: Within the on-orbit range. 

Atmospheric pressure 

On-orbit: Total pressures • 14.7 psia (0o/N«) 

Composition: 0, ■ 21% ^ 2 

N| • 79% 

Other phases: Approximately the same as on-orolt 
Cleanliness 

On-orbit: Maintained by 280 micron filters 
Other phases: Most NASA operations - class 100,000 
Radiated Emissions 

On-orbit: Narrow band - 0.1 y/m (peak at 1 to 10 MHz & S-band) 

Broad Band - 90db pV/m/MHz (peak In 100 MHz range) 

This Is the estimated upper limit. 

Other phases: Not presently available. 

Magnetic environment (ac l 

On-orbit: 146 db above a pico-tesla at 30 Hz, decreasing linearly to 80 db above 
a pico-tesla at 50 KHz. 

Other phases: Within the.on-orblt range. 

Radiation 

On-orbit: Exposure to cosmic and trapped radiation, and solar flare particle fluxes 
through a minimum shielding of 0.45 g/cm^. Actual shielding depends 
on location and configuration of equipment. 

Llqhtlno 

On-orbit: 200-300 limens/meter^, but increases tc 400-600 luiren/metfer^ at Spacelab 
workbenches . 

Other phases: Lights will be turned off. 
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